I. INTRODUCTION TO CLASSICAL CADHERINS
The physiology of metazoan organisms is profoundly influenced by the distinctive histoarchitectures of their tissues and organs. For example, the efficacy of transporting epithelia or endothelia requires their constituent cells to assemble into biological barriers that separate distinct body compartments (73, 189, 312) . Similarly, neuronal connectivity involves the precise guidance of axons to their target cells and assembly of cell-cell connections at synapses (83, 323) . Such tissue patterning is established during development, maintained in the face of cellular turnover in postembryonic life, and characteristically perturbed in a range of diseases, notably inflammation and cancer. Important advances in genetics, developmental biology, and cell biology have begun to elucidate the mechanisms responsible for tissue morphogenesis. These often entail complex interactions between cells that reflect interplay between cell signaling, physical contact, the cytoskeleton, and membrane trafficking. The challenge is to identify key determinants of tissue organization and understand the mechanisms responsible for their morphogenetic impact.
This review focuses on classical cadherin adhesion receptors, mediators of cell-cell interactions that play important roles in the establishment and maintenance of tissue architecture. We will discuss the several distinct contributions that classical cadherins make to morphogenesis, and then review the cellular and molecular mechanisms of cadherin biology that are likely to contribute to these morphogenetic effects. Ultimately, any comprehensive analysis of cadherin-based morphogenesis must map mechanisms onto specific morphogenetic outcomes. We are not there yet, but hope to highlight promising lines of research in this article.
A. Classical Cadherins and the Cadherin Superfamily
The cadherins were first identified by the labs of Takeichi, Kemler, and Jacob as membrane proteins that supported calcium-dependent cell-cell adhesion (147, 363, 385) . Molecular cloning allowed the identification of a large superfamily of cell surface glycoproteins, based on sequence homology with a unique domain first found in the extracellular regions of E-and N-cadherin (reviewed in Refs. 264, 368, 411) (Fig. 1 ). These cadherin repeats (also called cadherin domains or cadherin motifs) bear negatively charged DXD, DRE, and DXND-NAPXF sequence motifs thought to be involved in Ca 2ϩ binding (411) . Sequence homology combined with genomic and phylogenetic analysis make it possible to define six major subgroups within the superfamily: classical (or type I) cadherins, atypical (type II) cadherins, desmosomal cadherins, flamingo cadherins, and protocadherins, as well as a number of solitary members (264) .
The capacity for classical cadherins to support cellcell adhesion is most clearly demonstrated by experiments where exogenous expression of specific cadherins increases the adhesiveness of cadherin-deficient cells that otherwise adhere poorly to one another (e.g., Drosophila Schneider cells, mouse fibroblastic L cells, Chinese hamster ovary cells) (14, 225, 231, 248, 418) . 1 The predicted increase in cell-cell adhesion has been evaluated by a number of means, but the most intuitively obvious assays test the ability of freshly isolated cells to aggregate in agitated suspensions (77, 248, 249) . This approach has the advantage of examining the ability of cells to adhere to one another independent of cell-matrix adhesive interactions. Furthermore, aggregation under conditions of shaking or stirring further tests the ability of cells to resist detachment forces imposed by fluid shear stress, providing an additional measure of relative adhesiveness. This capacity of cadherins to resist disruptive forces was first demonstrated for E-cadherin and N-cadherin (240, 248) and has since been confirmed for many other classical cadherins.
Although the cadherin domain was first identified in proteins that are established adhesion molecules, its presence does not necessarily predict an adhesion function for all members of this superfamily. For example, in Xenopus embryos, paraxial protocadherin (PAPC) contributes to patterning the gastrulating mesoderm, but does not appear to support homophilic cell adhesion (50). Instead, PAPC influences morphogenetic movements by downregulating the adhesive activity of the classical cadherin, C-cadherin, through an as-yet-unknown mechanism. Similarly, the flamingo cadherins, which are serpentine (7 transmembrane spanning) molecules, are genetically implicated in planar cell polarity, but may exert their 1 It is worth noting here that the term adhesion is used in a number of different ways throughout the cadherin literature that often reflect how cadherin function has been assayed. However, these different operational definitions may not reflect the same cellular mechanisms. The well-established physical definition of adhesion is the resistance of bonds to detachment by force. This can encompass the microscopic behavior of individual bonds as well as the macroscopic behavior of multiple bonds distributed over the surfaces of cell-cell contacts. In biological systems, adhesion is often used to refer to the morphological characteristics of cell-cell contacts. In particular, cells that make extensive contacts with one another are often interpreted as engaging in strong adhesive interactions (315) . While there is no doubt that cell adhesion is necessary for contacts to form, the morphology of interactions can be perturbed without demonstrable changes in cell resistance to detachment forces (314) . Thus morphological changes may not always reflect changes in the actual cell surface adhesion.
FIG. 1 . Domain structure of the cadherin-catenin complex components. Schematic overview of the domain structure of a classical cadherin and its three associated catenins: ␤-catenin, ␣-catenin, and p120-ctn. effects through cell signaling rather than adhesion (336, 408) .
Accordingly, we will concentrate our attention on the classical cadherins, which have been confirmed as adhesion molecules and have established effects on tissue patterning and organization. However, the functional and mechanistic distinction between classical/type I and atypical/type II cadherins is not clear cut. Although these can be segregated by sequence divergence and phylogenetic clustering, they share important common features. In vertebrates, both subgroups of proteins possess a common domain organization that includes five cadherin repeats in their extracellular domains (with the fifth repeat, closest to the plasma membrane, being more divergent in sequence than the other repeats) (Fig. 1) . Functionally, they also share many similarities. For example, VE-cadherin, which segregates more closely with type II cadherins, engages cell signaling and trafficking pathways similar to the classical cadherin E-cadherin (54, 191, 409) . Furthermore, the extracellular domains of invertebrate classical cadherins are highly variable (47, 123, 271, 272) (Fig. 2A) . Thus the ability to interact directly with p120-ctn and ␤-catenin is the best defining feature of classical cadherins (123, 264) , and this will be implied when we use the term cadherin in this review.
B. The Architecture(s) of the Cadherin Molecular Complex
Classical cadherins function as membrane-spanning macromolecular complexes. The cadherins themselves are single-pass type I transmembrane glycoproteins. Their NH 2 -terminal ectodomains mediate adhesive binding to cadherins presented on the surfaces of neighboring cells, while the COOH-terminal cytoplasmic domains (commonly referred to as the cadherin cytoplasmic "tails") interact with a range of cytoplasmic proteins.
The best understood cytoplasmic binding partners are the catenins (Figs. 1 and 2B): ␤-catenin, ␣-catenin, and p120-catenin (p120-ctn). ␤-Catenin and ␣-catenin were first identified as metabolically labeled polypeptides that coimmunoprecipitated with E-cadherin (226, 249, 250, 275) . A third polypeptide, initially named ␥-catenin, was subsequently identified as plakoglobin (288) . A homolog of ␤-catenin that can substitute for it under some circumstances, plakoglobin, is more consistently found in association with desmosomes (64) , rather than with classical cadherins. p120-ctn, in contrast, was first identified in a screen for substrates of the Src protein tyrosine kinase (165, 307) and was only later discovered to immunoprecipitate with classical cadherins (66, 306) .
FIG. 2. The cadherin-catenin complex.
A: schematic representation of classical cadherins in Caenorhabditis elegans, Drosophila, and vertebrates. B: schematic representation of the vertebrate cadherin-catenin complex. C: structural model of the cadherin-catenin complex. This model is based on the crystal structures of the C-cadherin extracellular domain, the cadherin cytoplasmic domain bound to the armadillo repeats of ␤-catenin, the cadherin juxtamembrane domain bound to the p120-4A⌬ins and ␣-catenin fragments. [From Ishiyama et al. (152) , with permission from Elsevier.] When fully incorporated into complexes with cadherins, these three catenins associate with a stoichiometry of one of each catenin per cadherin molecule (160, 275) (Fig. 2B ). ␤-Catenin binds directly to the distal ϳ76 amino acids of the cadherin cytoplasmic tail where it serves as an anchor for ␣-catenin, which does not itself bind directly to the cadherin molecule (Fig. 2, B and C) . p120-ctn binds independently to the membrane-proximal region of the cadherin cytoplasmic tail (66, 306) . ␤-Catenin appears to associate with cadherins cotranslationally (52). It is less clear when ␣-catenin and p120-ctn associate with cadherins (237, 391) . Of note, each of these catenins has cellular functions independent of the cadherin. ␤-Catenin is well-understood to function as a signal transducer in the Wnt signaling pathway (93, 290) ; ␣-catenin is implicated in intracellular traffic in association with the dynactin complex (207) and can regulate actin dynamics (26) ; and p120-ctn can regulate cell locomotion, Rho GTPase signaling, and activity of the transcription factor Kaiso (12, 112, 282) . The biological impact in each of these cases is attributable to a cytosolic pool of the catenin. Whether any of these mechanisms is indirectly involved in the morphogenetic effects of cadherins remains unknown. For example, although cadherins can affect Wnt signaling, by sequestering ␤-catenin at the membrane (159) , there is no clear evidence that this contributes to cadherin-driven morphogenesis.
Although the catenins are the best-studied proteins to associate with the cadherin cytoplasmic tail, they are neither exclusive nor necessarily the only functionally important cytoplasmic molecules that interact with cadherins. Indeed, there is accumulating evidence that many cellular regulators can interact, directly or indirectly, with the cytoplasmic tails of the classical cadherins. These include many cytoskeletal regulators and signaling molecules (141) , some of which will be discussed further below. Many of these molecules are unlikely to interact constitutively with cadherins but may be dynamic or regulated by cellular context (213) , presumably in response to cell signaling. An important point to note, however, is that these interactions have been identified for a relatively limited number of cadherins, most especially E-cadherin, and may not be shared with other classical cadherins (91) .
II. THE DIVERSE MORPHOGENETIC IMPACTS OF CLASSICAL CADHERIN ADHESION RECEPTORS
While the ability of cadherins to support cell-cell adhesion was first demonstrated in tissue culture systems, analysis of their function in organisms has identified several different impacts on tissue organization.
A. Cadherins and Tissue Integrity
The most commonly understood impact of cadherin adhesion receptors lies in their contribution to the preservation of cell-to-cell cohesion in solid tissues of the body (Fig. 3 ). This effect is most evident in early embryos. Expression of mutant cadherin constructs in the early Xenopus embryo caused a range of defects in tissue integrity, which include discontinuties in the ectodermal layer that covers the embryo and the dissociation of blastomeres from one another (171, 203, 206) . Decreased cell-cell adhesion was independently demonstrated by the observation that isolated blastomeres expressing mutant forms of cadherin failed to aggregate in culture (171) . Such dominant-negative effects were reported with mutant constructs lacking the cytoplasmic tail or where the ectodomains were removed, indicating that all these regions contributed substantively to cellular adhesion and the stabilization of cohesive cell contacts. Of note, dominant-negative mutants that retain the cytoplasmic tail often have an impact on adhesion mediated by a range of cadherins (171, 203) .
Phenotypes as gross as these leave little doubt that cadherin function is necessary for cell-cell cohesion. However, in other contexts, disrupting cadherins has more subtle effects on tissue integrity, for several reasons. For example, E-cadherin null mouse embryos fail to compact but do progress to implantation (195) , likely because the preimplantation embryo is protected by a maternal pool of E-cadherin. In addition, other classical cadherins may compensate when specific cadherins are ablated. Thus conditional disruption of E-cadherin in the mouse skin was associated with mild adhesion defects (370, 423) or defective tight junctions (379), but did not disrupt epidermal integrity. However, depletion of P-cadherin as well as E-cadherin disrupted cell-cell cohesion in the mouse epidermis (235, 371) . Thus individual cadherin species may not be solely responsible for cell-cell cohesion, because of compensation by other classical cadherins or other adhesion molecules.
In other circumstances, cadherin dysfunction perturbs morphogenetic movements of tissues, without overt disruption of tissue integrity. For example, C. elegans embryo mutant for their sole cadherin most commonly display a hammerhead phenotype where the hypodermis, the covering layer, fails to envelope the embryos (62), rather than overt disruption of tissue integrity. Furthermore, it is noteworthy that Xenopus embryos expressing weak dominant-negative cadherin mutants demonstrated tissue dissociation only when they underwent gastrulation (203) , which is a process that is predicted to be distinguished by extensive forces exerted upon cells (167, 324) . Finally, during Drosophila embryogenesis, the phenotypic impact of DE-cadherin (Shotgun) mutant alleles is most pronounced in those tissues undergoing the great-est morphogenetic movements (e.g., neuroectoderm) and can be reduced by genetic maneuvers that decrease morphogenetic movements (367) . Thus the demonstrable contribution of classical cadherins to tissue integrity also reflects the magnitude of disruptive forces that those tissues experience.
Here it should be noted that changes in cell-cell integrity or more subtle alterations in the morphology of contacts can occur without changes in cell surface adhesion (384) . For example, hepatocyte growth factor (HGF, also known as scatter factor) induces colonies of MDCK cells to separate from one another (352) . Despite the attractive inference that such scattering is due to loss of cell-cell adhesion, E-cadherin adhesiveness was not reduced (71) . This disruption of epithelial integrity instead appears to reflect increased integrinbased contractility, which appears to mechanically pull the cells apart.
B. Cell Sorting and cell-cell Recognition
A fundamental developmental process is the capacity of cells with different cell fates to physically segregate from one another (Fig. 4) . This was first demonstrated by the classic experiments of Townes and Holtfreter (373) who showed that when cells from dissociated gastrula stage embryos were allowed to reaggregate, the cells would rearrange to reassociate with those from the same germ layer. In addition, the relative position of these cell populations within the reformed aggregate mirrored that found in the embryo (373) . They proposed that this sorting behavior was based on differential adhesion between different cell populations.
There are three distinct components to this phenomenon of cell sorting: the ability of "like" cells to form discrete populations with one another, the ability of "unlike" cells to segregate away from one another, and the FIG. 3. Physiological role for cadherins in tissue integrity. A: cadherin function in stratifying epithelium of the skin. Loss of all classical cadherins (E-and P-cadherin) in this tissue results in loosening of the intercellular contacts associated with loss of epidermal barrier function. B: loss of cadherin expression in epithelia results in loosening of contacts and the acquisition of more migratory behavior. This is a key feature of cells that undergo epithelial/mesenchymal transition. Vice versa, E-cadherin expression is induced during mesenchymal-epithelial transition, resulting in increased cellular adhesion and an epithelial appearance. EMT and MET are important processes not only during morphogenesis, but they also contribute to carcinogenesis. C: synapse formation. Loss of cadherins affects neuronal transmission and connectivity. Cadherin adhesive interactions are crucial for proper synapse formation between neurons as well as the neuromuscular junctions. D: cadherins are required for the establishment of stable adherens junctions during morphogenetic movements. In C. elegans during ventral closure, the embryonic epidermis spreads from the dorsal side, and the leading cells of the two free edges meet at the ventral midline to enclose the embryo (left side). The leading edge cells extend filopodial protrusions that rapidly establish stable adherens junctions upon contact with an opposite filopodia, thereby rapidly increasing the contact sites between opposite cells resulting in sealing of the sheet. In the absence of the cadherin/catenin complex, embryos are unable to form adherens junctions between opposite leading cells and thus cannot enclose the embryo.
ability of these distinct cell populations to remain associated in a single aggregate. In principle, these phenomena could be accounted for in terms of relative surface adhesive energies between the surfaces of similar cells versus dissimilar cells. In the absence of factors that alter intrinsic properties of protein bonds, surface adhesion energies are determined by the identities of the adhesion proteins, i.e., their bond energies, and the number of such bonds formed between two cells. As discussed below, cells alter these parameters to regulate intercellular adhesion in the context of cadherin biology.
A causal role for cadherins in cell recognition and sorting was first suggested by key experiments that the Takeichi and Edelman labs performed using cell culture systems (89, 248) . Building on the demonstration that expression of E-cadherin in cadherin-null L-cells allowed cells to aggregate with one another in stirred suspensions (248), Nose et al. (1988) found that mixed suspensions of cells expressing either E-cadherin or N-cadherin would form discrete aggregates of cells that expressed only one cadherin but not cells that expressed the other cadherin (268) (Fig. 7) . Similarly, cadherin-null murine S180 sarcoma cells engineered to express either L-CAM (the chick homolog of E-cadherin) or chick N-cadherin segregated away from one another (89) . This indicated that the differential expression of classical cadherins, which would typically determine surface adhesive energies, was sufficient to recapitulate key elements of the cell sorting phenomenon observed in dissociated embryos (350, 373) .
But does sorting occur in the intact organism? Indeed, changes in cadherin expression are commonly seen during developmental segregation events. A classic example is displayed by neural crest cells, which form over a long developmental time period from gastrulation through early organogenesis (319) . The presumptive neural crest population is first induced at what becomes the border between the neural and nonneural ectoderm. During neurulation, these precursors become incorporated into the neural folds and the neural tube itself before eventually delaminating from the neuroepithelium and becoming migratory. A series of cadherin switches occur during this process (125) : neural crest precursors downregulate Ecadherin during their initial induction, express N-cadherin and cadherin-6b when they reside in the neuroepithelium, and then downregulate the latter when they delaminate. The downregulation of E-cadherin by transcriptional repression appears to be an essential early stage in the epithelial-mesenchymal transition (EMT) that this cell population undergoes, while N-cadherin and cadherin-6b are necessary at later stages (319) . Such cadherin switching (typically from E-cadherin to N-cadherin) is commonly seen in many other forms of EMT (369) .
As well as qualitative differences in cadherin expression, quantitative differences in the level of protein expressed on cells can also induce segregation behavior. This was demonstrated in cultured L-cells transfected to express P-cadherin at different levels (76, 351) (Fig. 4A) and strikingly confirmed by analysis of Drosophila oogenesis, in which a key step involves the oocyte coming into contact with somatic (follicle) cells at the posterior of the egg chamber (Fig. 4C) . DE-cadherin is found at all the cell-cell contacts in the egg chamber (103) , and when either DE-cadherin (103) or armadillo (Drosophila ␤-catenin) (289) is disrupted, oocytes become mispositioned in the egg chamber and lose polarity. Importantly, correct positioning of the oocyte required DE-cadherin to be expressed both in the germline cells as well as in the follicle cells (103, 105) , implicating adhesive interactions between these two cell types in controlling oocyte patterning. But if cadherin adhesion is determinative, how does the oocyte consistently localize to the posterior of the egg chamber when DE-cadherin is expressed by all the germ cells and follicle cells that the oocyte comes in contact with? Here, the level of cadherin expressed appears to be critical (103) . The posterior follicle cells, with which oocytes normally interact, have the highest level of cadherin expression of the somatic cells. Moreover, when posterior cells were genetically ablated, oocytes then preferentially interacted with the anterior follicle cells, the next most abundant sites of DE-cadherin expression. Positioning thus appeared to reflect a sorting process, where the oocyte preferentially interacted with follicle cells expressing the highest level of cadherin, independent of other morphogen or paracrine signaling events that might occur. Overall, this example illustrates the capacity for quantitative differences in cadherin expression, and by implication differences in adhesion, to have profound, long-lasting effects on developmental patterning. Consistent with this notion, flies bearing weak Shotgun alleles were infertile (367) .
Adhesion energies may also influence cell shape. An intriguing example is the organization of cone cells in the retina of Drosophila (Fig. 5) (128) . The cell shapes are reminiscent of soap bubbles, whose geometry is determined entirely by surface tension. Indeed, a simple mechanical model was sufficient to predict cell geometries in vivo, for both different cluster sizes and for different mutants (136) . Despite its appeal, this correlation is only apparent for small cell clusters. It is unlikely to be the predominant mechanism controlling cell morphology in more complex tissues where other forces likely play a much greater role than adhesion energies (202) .
C. Cadherins and Morphogenetic Movements
Finally, classical cadherins also contribute to morphogenetic movements that involve cell-cell rearrangements within tissues (115) . Although less well appreciated than EMT as a mode of cell locomotion, these movements are commonly found during early embryogenesis and take many forms. Classic examples during vertebrate gastrulation include epiboly, where radial intercalation of deeper cells into a more superficial cell layer allows the ectoderm to expand to cover the embryo, and convergent-extension in the mesoderm (Fig. 6A) , where intercalation of cells towards the midline of the animal causes the tissue to narrow and elongate (167, 205, 343) . Of note, mutations in E-cadherin (half-baked) perturb epiboly in the zebrafish embryo (164) , while during Xenopus gastrulation a regulated decrease in adhesion mediated by C-cadherin is necessary for convergent-extension to occur in response to mesoderminducing factors, such as activin (38, 426) .
Border cell migration (Fig. 6B) , another well-characterized form of cadherin-dependent morphogenetic movement, also occurs in the Drosophila egg chamber (241) . Here a small group of follicle cells emerges from the epithelium that covers the egg chamber and migrates through the nurse cells within the egg chamber to the anterior border of the oocyte. This form of invasive cell migration entails the movement of border cells upon the nurse cells and is subject to a hierarchy of regulatory signals. One key target of regulation is DE-cadherin, which is induced in the border cells at the time of migration (242) . DE-cadherin is also necessary, in both the border cells and in their surrounding nurse cells, for the border cell cluster to migrate, indicating that it is a form of cadherin-dependent cell-upon-cell locomotion.
These examples of morphogenetic movements in the early embryo are likely to require the cells to use cadherins and other cell-cell adhesion receptors as the traction apparatus for intercalation and cell-upon-cell locomotion. An important challenge, then, is for cells to remodel their adhesive interactions with one another without disrupting the overall integrity of the tissue. Examples of predominantly cell-upon-cell locomotion are less common in postdevelopmental life, but many circum- stances occur where cell-cell interactions must be dynamically remodeled during tissue turnover. A classic example is the gut epithelium, which displays constant and rapid turnover (19) . Moreover, during their life cycle, gut epithelial cells move progressively and consistently up the crypt-villus axis before undergoing apoptosis and being shed at the tips of the villi. During this migration cells must preserve the intestinal epithelial barrier despite constant rearrangement. Importantly, expression of a dominant-negative cadherin disrupted the consistent patterning of migratory cells and disturbed the epithelial barrier (132) , whereas overexpression of E-cadherin retarded the rate of cell migration (133) . This indicated that cadherin was important both for epithelial barrier function and to regulate the rate of cell migration. Thus cadherins are likely to participate in morphogenetic cell-upon-cell rearrangements in postdevelopmental life as well as in the embryo.
III. CELLULAR AND MOLECULAR EFFECTOR MECHANISMS
We now turn to discuss the cellular and molecular mechanisms likely to support these morphogenetic effects of classical cadherins. We will focus on the following topics: 1) the adhesive binding characteristics of the cadherin ectodomain; 2) regulation of cadherin expression on the cell surface by turnover and membrane trafficking; 3) cadherins and the actin cytoskeleton; and 4) cell signaling and the regulation of cadherin biology.
A. The Adhesive Binding Properties of Cadherin Ectodomains
The ability of classical cadherins to function as adhesion molecules and resist detachment force depends, ultimately, on the intrinsic binding properties of their ectodomains. Here we discuss recent progress in understanding how cadherin ectodomains mediate adhesion. Such analyses have been greatly facilitated because the isolated cadherin ectodomain retains adhesive binding capacity (32, 39) . A number of cadherin ectodomains have now been made as recombinant proteins, typically expressed in mammalian cells to ensure their glycosylation (39, 97, 179) . These recombinant proteins can bind to one another, and as immobilized ligands also support the adhesion of cells expressing cognate cadherin receptors. In combination with cell-based assays, the binding of isolated cadherin ectodomains has been subject to a range of analytic approaches that include structure-function analysis, biophysical measurements of dynamic binding interactions, and structural examination of the binding interaction.
Characterizing the mechanisms of homophilic binding interactions
A) A CENTRAL ROLE FOR THE EC1 DOMAIN. The functional importance of EC1 was first identified in a landmark study where Nose et al. (269) demonstrated that substitution of EC1 domains between different cadherins could determine apparent binding specificity of cadherin proteins (Fig. 7) . The authors used an in vitro cell sorting assay FIG. 6 . Cadherin in morphogenetic movements. Cadherin function is essential for morphogenetic movements, such as cell-on-cell motility, epiboly, convergent extension movements, or migration of intestinal epithelial cells along the crypt/villi axis. A: convergence extension movements in which cells align in the plane of the tissue and intercalate to, e.g., drive anterior-posterior extension of tissues and/or embryos. Cadherins are crucial to establish contacts and through local modulation of the cytoskeleton provide the pulling force for intercalation. Either overexpression or loss of cadherins interferes with convergent extension movements in, e.g., Xenopus or zebrafish. B: Drosophila border cells that through a complex signaling pathway switch on E-cadherin to migrate on E-cadherin expressing nurse cells. Loss of E-cadherin on either nurse or border cells prevents migration (see text for more details).
where cells expressing different cadherins segregated away from one another in agitated cell suspensions (Fig.  7A ), but mixed randomly with cells expressing the same cadherin (268) . They showed that cells expressing a chimeric protein, where the EC1 domain of P-cadherin was replaced by EC1 from E-cadherin, segregated away from cells expressing full-length P-cadherin, but intermixed with cells expressing full-length E-cadherin (269) (Fig. 7) . Thus substitution of the EC1 domain appeared to be sufficient to convert the binding selectivity of P-cadherin to that of E-cadherin. This finding focused attention on the functional significance of the EC1 domain.
Analysis of binding interactions using recombinant proteins also supported a key role for EC1 in cadherin adhesion, although additional domains were required for full adhesive activity (48, 328). Fragments containing the ectodomain of Xenopus C-cadherin supported adhesion, measured by the aggregation of protein-coated beads or binding of cells to protein-coated substrata so long as EC1 and EC2 were retained in the mutant molecules. Conversely, the expression in cells of an N-cadherin mutant lacking the EC3-5 region (i.e., presenting EC1-2 alone) supported weak cell-cell adhesion (328) . A variety of structural studies also revealed molecular interfaces between EC1 domains, which constituted potential adhesive binding sites. Notably, NH 2-terminal interfaces were observed in both the crystal structure of the EC1-2 fragment of N-cadherin (364) and that of the complete C-cadherin ectodomain (33) ; in each case, a clear antiparallel alignment of molecules was identified, consistent with a trans interaction. Rotary shadowing electron micrographs of recombinant E-cadherin ectodomains also showed apparent association at the NH 2 -terminal tips of the molecules, suggesting that a molecular interface might occur in this region (293, 372) .
The C-cadherin crystal structure (Fig. 8A ) further identified the "strand dimer exchange" as a potential mechanism for interaction, where the side chain from Trp2 (W2) inserted into a complementary hydrophobic pocket on EC1 from the opposite protein (Fig. 8B) . Mutation of this conserved W2 residue substantially reduces cell adhesion in a variety of assays (293, 300, 328, 364) , although W2A mutants still localize to cell-cell junctions (172, 364) and support bead aggregation (300) . It should be noted that studies suggest that the strand dimer exchange through the W2 residue may also form cis-interactions between EC1 subunits of N-cadherin (330, 374) or docking to a hydrophobic cavity in its own molecule (for the EC1-2 fragment of E-cadherin) (293) .
Finally, the potential significance of EC1 was also supported by the capacity of the prodomain to modulate adhesive function. Classical cadherins are synthesized with prodomains, which are proteolytically cleaved to yield the mature form presented on the cell surface. Retention of the prodomain abolishes adhesion, potentially by modulating the dynamics of strand dimer exchange, so that the W2 residue cannot form a stable bond with adjacent molecules (126) . The prodomain may therefore assist in preventing cadherins from interacting within intracellular compartments during the biosynthetic process.
Overall, then, these findings established the functional importance of the cadherin EC1 domain for cell adhesion and yielded an elegant model of trans adhesion through molecular interfaces between the tips of opposing cadherins (Fig. 9B ). In the simplest form of this model, EC1 domains present the binding interfaces and other regions of the ectodomain serve as spacers (Fig. 9B) . Support for this model has also been inferred from ultrastructural examination of cell-cell contacts. The distance between neighboring membranes at adherens junctions was measured at ϳ25 nm (239), sufficient to accommodate highly curved cadherin ectodomains that interact at their tips (33, 330) (Fig. 8A) . Moreover, surface projection densities of cadherins at 3.4-nm resolution that appear to interact at their tips were observed by electron tomography of desmosomes (7, 130) . These surface densities were assumed to represent the desmosomal cadherins, based in part on fitting of the classical C-cadherin crystal structure onto the electro-tomograms (7). However, definitive evidence that these represent cadherin ectodomains was lacking.
B) ADHESIVE CONTRIBUTIONS BY OTHER REGIONS OF THE CAD-
HERIN ECTODOMAIN. Despite its appealing simplicity, a variety of functional data suggest that trans-binding of EC1 domains does not fully explain homophilic adhesion. First, deletion analyses suggest that EC1 is necessary, but not sufficient, for cadherin adhesion. Thus, while the EC12 domains of C-cadherin were necessary for homophilic adhesion, adhesion to the EC12 fragment was shown to be much weaker than to the full ectodomain (48, 55). Moreover, the N-cadherin EC1 domain alone (i.e., deletion of EC2-5) could not support cell-cell adhesion (328) . Second, genetic analyses of E-cadherin mutations associated with inherited gastric cancers identified clusters of mutations distributed over the entire extracellular domain, both within and distal to the EC1 domain (24, 30, 120, 121, 211) . The most deleterious mutations appear to affect the EC2 and EC3 domains (121), whereas mutations at EC3-EC4 and EC4-EC5 junctions have little functional impact. Some of these mutations compromise, but do not abolish, the adhesive function and result in cadherin localization and adhesion defects (24, 30) . The implication that these other cadherin ectodomain regions contribute to cadherin binding was further supported by biophysical studies (299) .
Support for functional contributions of other regions of the cadherin ectodomain has also come from studies that probe different aspects of the dynamics and energetics of the binding interactions (described in greater technical detail elsewhere; see Refs. 199, 201) . First, analysis of intermembrane distances at which opposing membrance bound cadherins bind identified multiple interactions between cadherin ectodomains (300, 427) and suggested that the EC3 domain was necessary for the strongest interaction (427) . Second, kinetic analysis of homophilic binding by Xenopus C-cadherin on opposing cell membranes revealed a two-stage process where an initial fast-forming state with a low probability of binding was then converted into a second, high-probability state (55). The EC1-EC2 fragment displayed only the initial, low-probability bond, and comparison of deletion mutants indicated that EC3 was necessary for the transition to the high-probability binding interaction.
Finally, direct measurement of binding between single cadherin ectodomains further suggested the existence of multiple different interactions (21, 22, 292, 333, 334, 377) . Homophilic binding of EC1-EC2 fragments from C-cadherin or from E-cadherin displayed two weak bonds that dissociated rapidly (22, 292) , whereas interactions between the full-length ectodomains also exhibited at least one other stronger bond with a much slower dissociation rate. This stronger bond mapped to a region outside the EC1-EC2 domains. Moreover, the proportion of strong bonds increased with time (292, 333) . Together, these findings emphasize that cadherin-mediated cell adhesion is a dynamic process, and the results from these biophysical approaches identify roles for regions outside EC1-2 in the transition between bound states. [From Leckband (199) .]
How, then, do we reconcile a requirement for Trp2 in EC1 in adhesion with these contributions of other domains? One answer may lie in experimental evidence for allosteric cross-talk between different cadherin domains. Allostery is the ability of local structural perturbations to affect distal sites in a protein. The W2A mutation alters epitope accessibility more distally in EC1 of N-cadherin (124); alters epitope accessibility at several locations, including a site near EC4, in C-cadherin (334, 376) ; and substantially reduces the EC3-dependent bond strength in E-cadherin (300, 334) . The cross-talk between EC1 and other regions of the protein demonstrated by these findings shows that Trp2 docking both mediates strand exchange and regulates other domain interactions. These findings carry the important implication that EC1 cannot be treated as physically independent of other regions in the ectodomain.
Overall, these lines of evidence suggest that understanding homophilic binding as a dynamic process involving different cadherin interactions may provide an opportunity to reconcile different experimental observations (Fig. 9 ). Thus it is plausible to envisage a scenario where an initial weak interaction between EC1 domains is the essential precursor to a stronger interaction that requires EC3 (Fig. 9 , B and C) and perhaps involves more extensive overlap between the ectodomains (Fig. 9D ). This would be consistent with the demonstration that ectodomain interactions strengthen with the duration of contact (292) . Alternatively, slow lateral associations following fast, strand exchange could enhance the binding avidity or allosterically modify the intrinsic EC1 bond strength.
Although many questions remain, these collective findings further highlight the notion that it is important to consider the dynamic and mechanical properties of possible cadherin interactions as well as their structural basis. Notably, as mechanisms to resist cell-cell detachment, the response of cadherin bonds to the forces they encounter during physiological cell-cell interactions is an open area that merits further investigation.
Lateral organization of cadherins at the cell surface
Our discussion in the preceding section focused on understanding the intrinsic binding properties of the cadherin ectodomain. Substantial evidence indicates that the macroscopic adhesive behavior of cadherins also reflects their lateral organization on the cell surface. This lateral organization takes two forms: the presentation of cadherins as lateral dimers and the organization of cadherins into larger scale lateral clusters and junctions (Fig. 10) .
A) CIS-INTERACTIONS AND CADHERIN ADHESION. The notion that classical cadherins might exist as lateral dimers was first suggested by the demonstration of cis-binding interfaces in the crystal structure of EC1 from N-cadherin (330) and EC1-EC2 from E-cadherin (251) . Biochemical evidence for lateral dimers was then obtained for the full-length ectodomain of C-cadherin expressed as a recombinant protein as well as for full-length cadherins in cells (170, 173, 329, 362, 374) . Additional evidence for cis-dimers has also been inferred from crystal structures of other cadherin fragments and electron microscopy of recombinant ectodomains. Lateral dimerization is un-FIG. 9 . Possible mechanism(s) of cadherin binding consistent with biophysical and structural data. A: putative cis (lateral) bonds, possibly mediated by EC3 domains (gray ovals) stabilize lateral cadherin dimers. B: the rapid, initial formation of trans bonds between EC1 domains (white ovals) facilitates cadherin accumulation at cell-cell junctions and the subsequent slower lateral oligomerization via EC3 domains. C: cadherin flexibility could also enable the formation of EC3-dependent bonds between cadherins on opposing membranes or between relatively unconstrained, opposing cadherins in biophysical measurements. In D, EC3 domains bind in an anti-parallel alignment between opposed membranes.
likely, however, to be a constitutive property of cadherins. Cis-dimers were not identified in biophysical studies of soluble E-cadherin ectodomains (425) , and what appeared to be single cadherin molecules can be identified on cell surfaces (148) . On balance, current evidence suggests the capacity for at least several cadherins to form cis-dimers, but the balance between cadherin monomers, dimers, and higher-order oligomers on the cell surface is likely to be dynamic.
The functional significance of cis-dimers was first demonstrated by the observation that dimers of the Ccadherin ectodomain immobilized on beads supported stronger adhesion than did immobilized C-cadherin monomers (39) . It should be noted that monomers retained adhesive capacity, but these data suggested that lateral dimerization was one mechanism to enhance adhesion. Recent single molecule force measurements, for example, suggest that cooperative interactions within cadherin dimers enhance the binding probability relative to cadherin monomers (425) . How such adhesive enhancement might occur remains incompletely understood, but implies some synergistic interaction between the components of a lateral dimer.
The observation that lateral dimerization occurred with recombinant fragments of C-cadherin indicated that the ectodomain possesses the intrinsic capacity to dimerize (39) . Identification of distinct binding interfaces that might mediate cis-dimerization has been more challenging. A putative cis-binding interface between EC1 and an adjacent EC2 module seen in the crystal lattice of C-cadherin (33) was not confirmed by NMR measurements (127) . Cross-linking and immunoprecipitation results suggest that lateral and adhesive interfaces are identical (374) . Cadherin flexibility and the symmetry of the homophilic interaction could enable cadherins to use the same binding interface for either cis-or trans-interactions. The ectodomains are often portrayed as rigidly curved structures, but molecular dynamics simulations (344) and electron microscopy images (130, 177, 298) indicate that, under small forces and in the presence of calcium, cadherins can adopt configurations other than the curved structure in the crystal lattice (33) . Other putative cis-binding interactions may involve EC4, which is needed for the assembly of hexameric VE-cadherin ectodomains (134) . Parallel E-cadherin EC1-2 fragments in the crystal lattice interacted via a calcium bridge at the interdomain junction (251) . Although calcium site mutations at this junction disrupt adhesion (300), this may be due to compromised Trp2 docking (124, 127, 344) . Despite several possibilities, a unique lateral binding interface(s) has yet to be identified.
B) LATERAL CLUSTERING AND ADHESIVE STRENGTHENING.
An additional level of adhesive modulation can occur when cadherins organize into lateral clusters. Such cadherin clustering is observed at sites of homophilic adhesion between cells (14) as well as when cells adhere to cadherin-coated substrata (97, 325, 418) . Analogous punctate structures have also been resolved by electron microscopy at the zonula adherens (ZA) of epithelial cells (139) , leading to the inference that the ZA may arise from the local accumulation of cadherin clusters. The formation of these larger-scale lateral clusters often requires adhesion to cadherin ligands (179, 418) , suggesting that it represents a mode of ligation-induced reorganization of surface cadherins. It should be noted, however, that structures thought to represent unliganded cadherin oligomers as well as monomers were also observed on the free surfaces of cells (148) . This suggests that there may be a dynamic equilibrium between cadherin monomers, dimers, and Monomers, dimers, and oligomers of varying size are found on the cell surface and likely exist in dynamic equilibrium with one another. Adhesive ligation promotes oligomers and clusters, a process that also requires cytoplasmic factors including p120-ctn, signaling molecules, and elements of the acto-myosin cytoskeleton.
higher-order oligomers on the cell surface, with adhesive binding promoting oligomerization (Fig. 10) .
Ligation-induced cadherin clustering, resulting in the local accumulation of cadherin bonds, appears to be a mechanism to strengthen cadherin adhesion. This was first suggested by observed correlations between clustering and enhanced adhesion (14, 418) . The conclusion was reinforced by the demonstration that adhesive strength was enhanced by forced lateral clustering of a chimeric cadherin, which retained the adhesive ectodomain but lacked the cadherin tail (418) . This indicated that clustering of the adhesive receptor domains alone constituted a mechanism to strengthen adhesion. This strengthening can, in most cases, be attributed to increased local avidity, which has the simultaneous effect of increasing the probability of bonds rebinding after dissociation (389) and increasing the number of bonds resisting disruptive forces (395) .
Although lateral clustering may enhance adhesion by controlling the local distribution of the ectodomain presented on the cell surface, the ectodomain alone is not sufficient to support clustering. Instead, multiple cytoplasmic factors contribute to cadherin clustering in cells. Clustering requires the juxtamembrane domain (JMD) of the cadherin cytoplasmic tail responsible for binding p120-ctn (418, 420) . Intriguingly, the crystal structure of p120-ctn complexed with the JMD revealed oligomerization of the complexes, suggesting that binding of the JMD may induce oligomerization of p120-ctn, a possible mechanism for cadherin clustering (152) . Additionally, clustering involves cytoskeletal effectors such as nonmuscle myosin II (332, 342) , Ena/VASP proteins (325) , as well as phosphatidylinositol 3-kinase signaling (97) . This suggests that lateral clustering may arise from cadherin-activated cell signaling to the actin cytoskeleton, which enhances cell adhesion by controlling the distribution of adhesive binding sites presented on the cell surface (Fig. 10) .
B. Regulating the Surface Expression of Classical Cadherins
One fundamental determinant of cadherin biology is the amount of cadherin that is presented on the cell surface. Formally, then, regulated changes in surface cadherin levels constitute one potential way to modulate cell adhesion. Indeed, experimental manipulation of cadherin expression in cultured cells correlates well with changes in cell adhesiveness (14, 418) .
Surface cadherin expression is, in turn, the product of a hierarchy of cellular processes. Ultimately, the total level of cadherin expressed in cells must be determined by the balance between biosynthesis and degradation. Changes in transcription are the best understood mechanisms that control cadherin biosynthesis; in contrast, a major site for cadherin degradation occurs in lysosomes. But between the birth and death of cadherin proteins, the proportion of total cellular cadherin that is presented on the cell surface reflects a complex trafficking itinerary that encompasses exocytic transport to the surface, internalization of cadherin, and then transfer for either recycling to the cell surface or transport towards lysosomal degradation (Fig. 11) . Importantly, these are not simply housekeeping pathways; instead, many trafficking steps have the potential to act as rate-limiting stages for the regulation of cadherin transport and fate. Indeed, junctional integrity can be compromised when membrane trafficking is disrupted (59, 100, 194, 313, 381) . Additionally, cadherins can be cleaved whilst on the cell surface, providing an alternative regulated mechanism to rapidly alter the surface levels of cadherin.
In this section we will discuss these individual processes that, collectively, control the surface expression of classical cadherins.
Cadherin biosynthesis: transcriptional regulation of cadherin expression
Classical cadherins undergo both inhibitory and stimulatory transcriptional regulation. Transcriptional downregulation has been most intensively studied in the context of EMT, where E-cadherin expression is inhibited by a range of transcriptional repressors. These include the Snail/slug family of zinc-finger transcriptional regulators (258), the basic helix-loop-helix (bHLH) transcription factor twist (417) , and LEF1, a downstream mediator of the canonical Wnt signaling pathway (158) . Both snail and twist repress transcription by binding to E-box sequences found in the E-cadherin promotor (258, 417) , which also contains an independent LEF1-binding site (158) . These transcriptional regulators presumably respond to extracellular signals or cellular cues. Indeed, snail family members form a common nexus for a range of growth factor signaling pathways, that include transforming growth factor (TGF)-␤1 and -2, bone morphogenetic proteins (BMPs), and fibroblast growth factors (FGFs) (258), suggesting that these transcriptional regulators may serve to integrate multiple cellular signals. Consistent with this, repression of E-cadherin transcription in the developing hair follicle required both a BMP signal (to induce LEF1) and a canonical Wnt signal (to activate ␤-catenin signaling) (158) . Expression of these transcriptional repressors is also subject to inhibitory regulation by microRNAs, such as those of the miR200 family, that preserve Ecadherin expression by inhibiting ZEB-1 and ZEB-2 (109, 283) .
Cadherin transcription has also been reported to be upregulated in a number of cell culture (273, 415) and developmental models (259) . One of the most striking examples occurs during the previously discussed process of Drosophila border cell migration (Fig. 6B) . Here DE-cadherin expression in border cells is upregulated during border cell migration in response to the transcription factor Slbo (242, 259) . Moreover, this transcriptional upregulation of DE-cadherin is necessary for this cadherin-dependent morphogenetic event to occur. The cues that activate Slbo are not fully known, but a range of developmental signals, including Wnt 7a (273) and WT1 (144) , can stimulate cadherin transcription in cell culture.
It should be noted that it seems unlikely that transcriptional regulation alone contributes to rapid, dynamic changes in cadherin function. In particular, the metabolic half-life of cadherins (ϳ5-10 h for E-cadherin in cultured cells; Refs. 226, 338) suggests that delays of several hours would occur before transcriptional repression became manifest in altered protein expression. Nonetheless, many of these state changes have morphogenetic consequences, such as that exemplified by border cell migration. Moreover, several regulators of E-cadherin transcription are also implicated in tumor cell progression to invasion and metastasis, including the transcriptional repressors Snail (258) and Twist (417) , suggesting that cadherin dysregulation at the transcriptional level contributes to aberrant morphogenesis and disturbed homeostasis.
Cadherin exocytosis in the biosynthetic pathway: a mechanism for targeted delivery of cadherins
Like other transmembrane proteins (108, 244) , newly synthesized cadherins are transported in membranebound carrier vesicles from the endoplasmic reticulum to the Golgi apparatus before subsequent transport to the plasma membrane (41, 52, 210, 338) (Fig. 11) . Most germane for our present discussion is the potential for processing through this exocytic pathway to influence the final surface distribution of cadherins. This selective regional distribution is best exemplified by the basolateral distribution of E-cadherin in simple polarized transporting epithelia, but likely pertains to some extent in other polarized cells, such as neurons.
A key question is whether exocytosis allows the targeted delivery of cadherin to specific regions of the cell surface, thereby supporting the regional expression of cadherins. An active role for sorting in the secretory pathway was first suggested by the observation that newly synthesized E-cadherin was selectively delivered to the basolateral surfaces of polarized epithelial cells, but not to their apical surfaces (197) . This indicated that, like other transmembrane proteins, the localization of cadherins to specific membrane domains might reflect the influence of trafficking processes such as protein sorting and selective directed delivery to the plasma membrane. (1), where they are available to engage in cis-binding interactions (2) and form higher-order oligomers and clusters (3). Alternatively, free cadherin, which is unable to engage in cis-interactions or which unbinds, is endocytosed (4). Following internalization (5), cadherins are trafficked to early sorting endosomes (EE/SE) from which they may be transported back to the cell surface via Rab11-positive recycling endosomes (RE; 6 and 7), or trafficked through late endosomes/multivesciular bodies (LE; 8) for degradation in lysosomes (LY; 9). For clarity, only ␤-catenin and 120-catenin are drawn in this diagram.
Following synthesis, the trans-Golgi network (TGN) is the first opportunity in the biosynthetic pathway for cadherins to be identified and sorted for transport to specific membrane domains (116, 346) . It is commonly believed that membrane proteins destined for different regions of the plasma membrane are segregated in the TGN into distinct sets of carrier vesicles for transport to the cell surface (113, 232, 233) . Such discrimination is achieved through specific signals consisting of conserved polypeptide sequences contained within the cargo proteins themselves (346) . Such sorting signals are believed to mediate interactions with specific adaptor proteins that allow cargo proteins to be sorted into distinct transport vesicles, such as the 1B adaptor subunit of adaptor protein complex 1 (AP-1) which is specialized for basolateral targeting.
A range of potential peptide sorting signals can be identified in the cytoplasmic tails of classical cadherins (52, 238). While some motifs failed the experimental test (52), a highly conserved dileucine motif found in the juxtamembrane region of the cytoplasmic tail of many cadherins ( Fig. 12 ) does influence the basolateral expression of E-cadherin. Mutation of this motif resulted in the missorting of mutant cadherin to the apical as well as basolateral membranes when expressed in polarized epithelial cells, indicating that this signal is necessary for fidelity of basolateral localization (238) . Interestingly, expression of this mistargeted cadherin mutant also altered epithelial cell polarity and morphology, suggesting that selective sorting in the TGN can, indeed, influence the morphogenetic effect of the cadherin.
Protein sorting in the TGN is unlikely to be sufficient to specify the basolateral delivery of cadherin. Instead, directed transport of post-Golgi vesicles is suggested to be necessary for fidelity of basolateral delivery. Cadherincontaining vesicles have been observed to move along microtubules towards cell-cell contacts (223, 234, 366) . Furthermore, p120-ctn can interact with microtubules, both directly (88) as well as indirectly via binding to a kinesin (51, 416), thereby providing a potential mechanism to link cadherins to microtubules. Actin-based transport of cadherin may also occur, as VE-cadherin puncta were observed to be transported in filopodia of subconfluent endothelial cells by the actin-based motor Myosin X (9) .
Selection may also occur at the plasma membrane itself. In particular, the exocyst complex, which was first identified in the targeting patch that defines the site for secretory vesicle docking in budding yeast, also affects basolateral targeting in epithelia (243) . Drosophila embryos mutant for the Sec 5 subunit of the exocyst complex accumulated DE-cadherin within intracellular vesicles (194) , suggesting a defect in targeted delivery of cadherin to the cell surface. Moreover, the exocyst localizes to the apical junctional region in epithelia in an adhesion-dependent fashion (28, 111) that involves the tight junction scaffolding protein PALS1 (394) . This suggests a potential feedback mechanism whereby localization of exocyst to the junctional complex promotes preferential docking of basolateral vesicles at those sites.
Together these observations suggest an attractive multistage model for targeted delivery of cadherins in the secretory pathway, which combines TGN selection via sorting signals, directed microtubule and actin tracks, and target recognition at the plasma membrane itself. However, newly synthesized cadherins may not be delivered directly from the TGN to the plasma membrane. Instead, in both polarized epithelial cells and nonpolarized cells, E-cadherin was observed to be principally transported to an intermediary Rab11-positive compartment, consistent with recycling endosomes (210) . Whether cadherins are then delivered directly to the plasma membrane or via other cellular compartments remains to be determined. Furthermore, whether the exocyst exclusively defines cortical targeting has yet to be directly tested for cadherins themselves, in contrast to other basolateral membrane markers (111) . Indeed, the demonstration that cadherins at the lateral cell surface undergo cortical flow in a basal-to-apical direction (163) suggests that it is unlikely that cadherins at the lateral cell membrane are solely targeted to the apical junctional area by intracellular transport. Cadherins may be targeted to the lateral membrane more generally, then undergo regional surface redistribution.
Endocytosis and the postinternalization fate of cadherins
Membrane proteins can be internalized by diverse endocytic mechanisms (244) , several of which are implicated in cadherin endocytosis. These include clathrindependent (54) and clathrin-independent uptake mechanisms (6, 284) . Cadherins may internalize via different pathways, depending on cellular context. For example, constitutive uptake of E-cadherin in confluent epithelial monolayers appears to involve a clathrin-dependent process (154, 155, 196) but occurs principally by a clathrinindependent pathway in isolated cells (284) .
Following internalization, cadherins enter a series of membrane-bound compartments that direct their traffic in the cell (233, 244) (Fig. 11) . These include early endosomes, which constitute one of the earliest way stations in the trafficking of many membrane proteins, capable of directing internalized proteins back to the plasma membrane or towards degradation. Transmembrane proteins are generally degraded in late endosomes or lysosomes, and this appears to also hold for cadherins. Thus lysosomal inhibitors can block cadherin turnover (67, 409) and cause surface-labeled cadherins to accumulate in late endosomes and lysosomes (409) . However, inhibitor studies also suggest a potential role for proteasomes to participate in cadherin degradation (67) . Whether this is through proteasomal turnover of proteins that generally regulate membrane transport to late endosomes or lysosomes, rather than a more specific effect on cadherin turnover, remains to be determined.
Internalized cadherins are not, however, obligatorily targeted for degradation (108) . Instead, endocytosed Ecadherin can be recycled back to the cell surface (196) (Fig. 11) . Even confluent epithelial monolayers display a basal level of cadherin endocytosis and recycling, although this may be increased when cell contacts are broken (155, 196) . In this regard, E-cadherin behaves like many cell surface receptors, such as the transferrin receptor, which can undergo many rounds of recycling before being degraded. Several endosomal compartments have been identified as sites to redirect membrane proteins back to the cell surface. In mammalian cells, both endocytosed as well as newly synthesized E-cadherin enters a recycling endosomal compartment that can be identified by the GTPase Rab11 (40, 210) . Moreover, DEcadherin trafficking is perturbed in Drosophila embryos mutant for either Rab5 (381) or Rab11 (59), key regulators of traffic at early endosomes and the recycling endosome, respectively. It is therefore possible that the recycling endosome serves as a common intermediary compartment for the sorting of both endocytosed and newly synthesized cadherins for delivery to the cell surface.
Recycling of endocytosed cadherins may perform several potential functions. First, recycling would provide a mechanism to protect endocytosed cadherins from degradation, thereby extending their metabolic lifetime. Second, recycling might contribute to the remodeling of adhesive interactions, allowing unbound cadherins to be redirected elsewhere on the cell surface (210) . E-cadherin recycling occurs over time frames of minutes, which would allow it to participate in quite rapid remodeling of the cell surface. Such recycling then provides a mechanism by which the surface pool of cadherin can be sampled and sorted by cellular trafficking pathways. Finally, cadherin endocytosis may provide a mechanism for other proteins, such as growth factor receptor tyrosine kinases, that associate laterally with cadherins, to be coendocytosed for further processing (42) . The precise biological impact of these potential scenarios remains to be thoroughly assessed.
An important open question is where the decision to recycle or target cadherins for degradation is made. One possibility is that internalized cadherins might immediately enter distinct pathways for recycling or degradation, as is reported to occur for the EGF receptor (340) . The multiple potential pathways available for cadherin internalization would facilitate such a model. In this case, choice of endocytic entry becomes a critical decision point. Alternatively, endocytosed cadherin may enter a common compartment from which it is then distributed for either recycling or degradation. In this second scenario, which affects many membrane proteins, the regulation of distribution from a common endosomal compartment becomes critical. Noteworthy here is the observation that activation of a temperature-sensitive (ts) Src mutant biased E-cadherin transport to lysosomal degradation at several steps along the pathway, including GTP-loading of Rab5 and Rab7, key regulators in the endosomal system (277).
Regulation of cadherin internalization:
a mechanism to stabilize cadherin expression at the cell surface
While the itinerary of cadherin trafficking is likely to be regulated at several stages, as the first step into the endosomal system, internalization is an attractive point to regulate cadherin turnover. Indeed, an emerging theme is that the decision to endocytose critically determines the surface expression of cadherins. In the simplest form of 706 NIESSEN, LECKBAND, AND YAP this model, inhibition of endocytosis would stabilize cadherins at the cell surface, whereas an increase in cadherin endocytosis would be predicted both to decrease the surface pool of cadherin as well as facilitate degradation.
The potential for cadherin endocytosis to be rate limiting is most strikingly illustrated by the impact of p120-ctn (Fig. 12) . In vertebrates, cellular levels of p120-ctn appear to critically determine the steady-state levels of several classical cadherins. Thus depletion of p120-ctn in mammalian cells (67, 151, 409) dramatically reduced steady-state cadherin levels which changed in approximate proportion to the reduction in p120-ctn. Conversely, overexpression of p120-ctn increased cellular cadherins (409) . These p120-ctn-induced changes in cadherin levels were not accompanied by any changes in either cadherin mRNA levels or in the rate of protein biosynthesis. Instead, the reductions in cadherin levels induced by perturbing p120-ctn were effectively rescued by inhibitors of lysosomal activity (67, 409) , suggesting strongly that loss of p120-ctn promoted cadherin degradation.
Formally, p120-ctn might influence cadherin degradation at any stage in the trafficking pathway from the cell surface to lysosomes. Interestingly, whereas newly synthesized E-cadherin appeared to be transported to the cell surface normally in p120-ctn-depleted cells, its persistence at the surface was significantly reduced (67), suggesting that p120-ctn regulates the surface stability of the cadherin. Furthermore, perturbing p120-ctn activity in vascular endothelial cells appeared to promote endocytosis of VE-cadherin, while overexpression of p120-ctn reduced internalization of the cadherin (409) . Consistent with this, overexpression of p120-ctn prevented surface VE-cadherin chimeras from entering clathrin microdomains (54), suggesting a block in entry to presumptive clathrin-coated pits. Moreover, NMR analysis of purified p120-ctn bound to the JMD region of E-cadherin (152) suggested that a dynamic binding interaction allows p120-ctn to mask dileucine and tyrosine residues involved in clathrin-mediated internalization and association with Hakai, respectively (Fig. 12) .
Taken together, these findings suggest strongly that p120-ctn influences the surface stability, and ultimately the metabolic turnover, of classical cadherins by regulating their internalization. In this model, p120-ctn would act to inhibit cadherin endocytosis, thus promoting its persistence at the cell surface and preventing its traffic to lysosomes for degradation. Conversely, loss of p120-ctn activity would promote endocytosis and ultimately traffic for degradation, thereby reducing the steady-state levels of cadherins within cells.
It should be noted that this impact of p120-ctn on cadherin turnover and function is most evident in mammalian systems (67, 68) . In contrast, disruption of p120-ctn function in Drosophila and C. elegans has generally been reported to have a much weaker phenotypic impact (247, 276, 294) , although exceptions do exist (214) . p120-ctn is not, however, the only signal that can determine cadherin endocytosis. The cbl-like protein Hakai can bind to and ubiquitylate the cytoplasmic tail of E-cadherin (91) in mammalian cells, thereby targeting it for internalization (Fig. 12) , although this effect of Hakai was not apparent in Drosophila (161) . Small GTPases of the Rho family, Rac and Cdc42, are also reported to inhibit cadherin internalization through a process that requires actin filaments and the actin-binding protein IQGAP (155) . It is probable that many more such signals will be identified in the near future, but there is already interesting evidence that these signals may interact. Thus both p120-ctn and Hakai may compete with one another to bind a very similar region of the E-cadherin cytoplasmic tail (91) . Incorporation of p120-ctn also appears necessary for E-cadherin ligation to activate Rac signaling (107) . Cadherin internalization may thus be determined by a network of interacting cell signals.
If so, is it possible to identify dominant determinants of cadherin internalization? Some evidence to date suggests that cadherin homophilic ligation itself plays an important inhibitory role. Disruption of cadherin cell-cell contacts by chelation of extracellular calcium promoted cadherin endocytosis (196) . More directly, recombinant cadherin ectodomains appeared to inhibit E-cadherin endocytosis in a cell-free assay system (155) . Of note, these experiments used soluble recombinant cadherin ligands, suggesting that inhibition of endocytosis was not due to physical retention (kinetic trapping) of cellular cadherins bound to immobilized ligands. This implies that productive adhesive binding may act to inhibit cadherin endocytosis, thereby stabilizing the cadherin at the cell surface. One possibility is that ligand-activated cadherin signaling itself regulates endocytosis. As noted earlier, cadherin ligation can activate Rac signaling, which inhibited Ecadherin endocytosis in in vitro assays (155) . Thus pathways activated by homophilic ligation may cooperate with kinetic trapping through ligation to stabilize cadherins at the cell surface.
Conversely, cadherin internalization may be acutely stimulated by cell signaling. This is exemplified by VEGF signaling in endothelia (96) (Fig. 12) , which activates a cascade including Rac and PAK that phosphorylates a specific serine residue in the cytoplasmic tail of VE-cadherin. This, in turn, recruits ␤-arrestin to drive the clathrin-dependent internalization of cadherin. Additionally, it has been suggested that the endocytic process may itself inhibit cadherin adhesion by affecting the assembly of trans-dimers (375) . Cadherin internalization appears increasingly to constitute a key step that integrates many signals to influence the surface expression of this adhesion receptor.
Membrane trafficking and cadherin regulation
Overall, then, the surface expression of cadherins can potentially be regulated at multiple points in their itinerary for membrane trafficking. Junctional integrity can be perturbed when trafficking is disrupted at those various sites (59, 100, 194, 313, 381) . Observations such as these suggest that regulation of cadherin trafficking may be a major mechanism to control its surface expression, and potentially to remodel contacts, especially in dynamic, developing tissues. However, it is important to note that current approaches to studying the functional impact of cadherin trafficking have targeted proteins such as dynamin (70) , Rab11 (210, 313) , and Rab5 (59, 381), which are not specific for cadherin trafficking. Indeed, Rab5 can regulate signaling by GTPases, such as Rac (278) , that may also affect cadherin function through regulation of the cortical actin cytoskeleton. Further efforts to characterize the molecular details of cadherin trafficking, and develop tools to specifically perturb these pathways if possible, will be important in future efforts to define the functional impact of cadherin trafficking.
Cadherin shedding: acute modulation of surface cadherin expression
In the previous section we discussed the capacity for cellular regulation to affect surface cadherin levels by biasing the movement of cadherins within their membrane trafficking itinerary within cells. Proteolytic cleavage is another mechanism that cells have at hand to rapidly and locally alter cadherins that are already on the cell surface (Fig. 13) . In essence, surface cadherins are cleaved at defined sites to release the ectodomain, a process called shedding. First observed in cultured breast cancer cells (402) , cadherin shedding has been documented in a range of developmental contexts, such as in the chick retina (281) and during various stages of Xenopus embryogenesis (227, 327) . Moreover, ectodomain fragments are also found in the serum from cancer patients (72) , indicating that this process may occur during tumor development. Shedding may also lead to a range of different cytoplasmic fragments being generated, which can also have biological effects.
Several different extracellular proteases ("sheddases") have been implicated in cleaving the cadherin extracellular domain. A combination of overexpression, siRNA, and knockout studies have provided compelling evidence that ADAM10 is a sheddase for E-cadherin and N-cadherin (221, 303) . However, other studies reported roles for other metalloproteases such as matrix metalloproteinases (228, 262) , the serine protease family of kallikreins (174) , and Meprin␤, a member of the astacin family (146) . Although the precise sites of cleavage may differ, shedding most commonly generates a fragment of ϳ80 kDa both in vitro and in vivo (327), a size consistent with that of the whole cadherin ectodomain. This implies that the sites of cleavage are likely to be close to the plasma membrane.
In addition to the loss of functional adhesive binding sites on the cell surface, shedding may release ectodomain fragments that are themselves biologically active. The soluble ectodomain fragment may serve as an adhesive substrate for other cells to attach to and/or migrate upon; it may further interfere with intercellular adhesion by competing with full-length cadherin binding, and it may induce cell signals. For example, the soluble E-cadherin extracellular domain caused scattering of cells in culture (356, 402) and reduced cell aggregation associated with increased migration and invasion (262, 281) . These results thus suggest a model in which the shed cadherin extracellular domain promotes migration and invasion by locally regulating cell adhesion. Interestingly, in early Xenopus embryos, expression of C-cadherin ectodomain fragments interfered with gastrulation movements without affecting adhesion (327) . This appeared to involve altered activity of aPKC, thus suggesting that planar polarity signaling was being affected. A recent study also found that the shed extracellular cadherin domain binds to and stimulates HER2/HER3 heterodimeric Erb receptors (252) . Thus shed ectodomain fragments may affect different forms of cell movement by different mechanisms.
Another immediate consequence of ectodomain cleavage is the generation of a membrane-associated fragment that contains the cytoplasmic domain, known as COOHterminal fragment (CTF) 1 (219). This cytoplasmic fragment can then be further cleaved at different sites to release soluble polypeptides, CTF2 and CTF3, that are generally not stable (219) . CTF2 is generated by cleavage close to the transmembrane domain and depends on the -protease activity of presenilin, whereas CTF3 generation requires caspases (219) . Other intracellular proteases that have been implicated in cleavage of the cytoplasmic domain include calpain and the proteasome (310) . While cleavage of the cadherin intracellular domain may occur independently of ectodomain shedding, in most cases cadherin shedding induces further cleavage and release of the cytoplasmic domain.
The cytoplasmic fragments generated by cadherin cleavage can also be biologically active. Both CTF2 and CTF3 have been reported to enter the nucleus (85) . Due to their small size, this may be a passive process; however, overexpression studies showed that these fragments retain the ability to bind catenins (317) , suggesting that active nuclear translocation may be involved in transport of a protein complex. The N-cadherin CTF2 fragment was shown to inhibit CRE-dependent transcription by binding to CBP in the cytoplasm, thereby excluding this transcription factor from the nucleus (220) . On the other hand, BMP4 stimulates translocation of an N-cadherin cytoplasmic domain fragment into the nucleus where it activates cyclin D1 transcription (339) . Along the same lines, E-cadherin CTF2 fragments translocate to the nucleus in a p120-dependent fashion where they modulate Kaiso-dependent transcriptional activity (85) . Such coordinated changes in adhesion and transcription may be functionally important. For example, BMP4-stimulated cleavage of N-cadherin by ADAM10 may promote neural crest delamination both by releasing cell-cell adhesion and also by regulating transcription through the nuclear translocation of cytoplasmic domain fragments (339) . How these transcriptional events may be functionally coordinated with adhesive alterations due to ectodomain cleavage is an important issue to be addressed.
C. Cooperation Between Classical Cadherins and the Cytoskeleton
It has long been appreciated that the morphogenetic impact of classical cadherins entails a close functional FIG. 13 . Consequences of cadherin proteolytic cleavage. Ectodomain shedding by metalloproteases results in the release of the cadherin extracellular domain. This may result in reduced intercellular adhesion by directly reducing the number of functional adhesive complexes at the cell surface. In addition, the released cadherin extracellular domain may also interfere with adhesion. In addition, the extracellular domain can alter local signaling induced by the full-length cadherin (e.g., aPKC activation), perhaps by altering clustering or local concentration of cadherins. Upon release of the cadherin extracellular domain, the cytoplasmic domain is subjected to cleavage by presenilins and caspase, resulting in release from the membrane and translocation into the nucleus. Here it may modulate either directly or indirectly ␤-catenin/TCF-dependent as well as p120/Kaiso-dependent regulation of transcription. The function of the released cytoplasmic domain itself or of ␣-catenin in the nucleus is at present unclear.
and biochemical relationship between the adhesion receptors and elements of the cytoskeleton. Although the major focus in cadherin biology has been on the actin cytoskeleton, it is likely that all the cytoskeletal systems (microfilaments, microtubules, intermediate filaments) contribute to cadherin biology. There is increasing evidence that microtubules are recruited to cadherin adhesions and contribute to their function in diverse ways (5, 234, 347) . Similarly, while intermediate filaments associate with desmosomal cadherins, they may also influence adherens junction organization (35) . Nonetheless, actin microfilaments are the best understood cytoskeletal collaborators in cadherin biology, and we will focus on what is known about their regulation and contribution to cadherin adhesive interactions.
Actin and cadherin biology
A role for actin in cadherin biology was first suggested by the observation that F-actin commonly localizes in proximity with cadherin adhesions (138) ; subsequent studies documented that dense perijunctional actin rings are found to localize with the ZA in many epithelia. Studies using light microscopy suggest that multiple pools of filaments may coexist at cell-cell contacts (325, 424) , including perijunctional filament bundles that terminate in cadherin adhesions (325, 421) . Dynamic studies of actin turnover also suggest that multiple pools exist at cell-cell contacts in Drosophila tissues (45) . However, the limited resolution of the light microscope makes it impossible to characterize three-dimensional filament organization more definitively, which is fundamental to understanding the functional impact of the cytoskeleton (341). Ultimately, advances that allow ultrastructural analysis of deep structures at cell-cell contacts will be needed to analyze the three-dimensional structures of the perijunctional cytoskeleton as have been used to characterize filament organization in thin structures, such as the lamellipodia of migrating cells (178, 354) .
Several lines of evidence indicate that the actin cytoskeleton supports cadherin biology. Thus drugs that disrupt the integrity of actin microfilaments (cytochalasins, latrunculin) compromise cell-cell and cadherinbased adhesions in cell culture models (14, 157) . Moreover, genetic studies have identified roles for a range of actin regulators and effectors that contribute to many cadherin-based morphogenetic processes, ranging from cell-cell cohesion in the early embryo (61) to the cellupon-cell locomotion of border cells in the fly egg chamber (99) . The latter also highlight the notion that diverse effectors regulate the actin cytoskeleton to contribute to cadherin biology.
Just as the actin cytoskeleton contributes to cadherin function, so too do cadherin adhesive events themselves regulate the cytoskeleton. Actin organization changes morphologically as cells make and establish contacts with one another, and many cytoskeletal regulators are recruited to the cortex when cadherin adhesions form between cells, potentially in response to homophilic cadherin ligation and cell signaling. As will be outlined below, these include proteins that affect many parameters of actin organization and dynamics. This yields a picture of cooperative functional interactions between cadherins and the actin cytoskeleton, in which cytoskeletal organization is modified at adhesive contacts in response to signaling and biological context; this, in turn, contributes to the functional properties of those intercellular contacts. Although more complex than earlier models that envisaged passive anchorage of cadherin to cortical actin filaments, this model potentially encompasses a wide functional repertoire to match the biological diversity of cadherin-based cell-cell interactions.
Actin regulators active in cadherin biology
The actin cytoskeleton is a dynamic polymer system that is capable of diverse mechanical effects, which include generating force, resisting force, and providing a scaffold to anchor other molecules. The precise local function provided by actin filaments is guided by how intrinsic polymer dynamics are regulated to assemble and disassemble filaments; how those filaments are organized into meshworks and bundles; and by the force-generating motors that act upon the filaments. As such, the organization and dynamic activity of the cytoskeleton is determined by many classes of proteins, representatives of which are recruited to cadherin adhesions.
Indeed, it is important to emphasize that the mechanisms that regulate the actin cytoskeleton at cadherin adhesions are shared with many other processes in cells, such as cell locomotion, integrin adhesion, cell shape control, and membrane traffic. This is consistent with the central role that the actin cytoskeleton plays in cellular biology. A key to understanding how such core actin regulators contribute to cadherin biology then lies in identifying how they are recruited to act locally at cadherin adhesions.
A) REGULATORS OF ACTIN FILAMENT ASSEMBLY. Cadherin adhesions are sites of actin filament assembly (365) (Fig. 14) . Actin polymerization, identified by the localization of free barbed ends, can be readily identified at cadherin-based cell-cell contacts (383, 384) as well as at homophilic adhesions where cells interact with immobilized cadherin ligands (180, 182, 188) . Thus cadherin adhesion appears to mark cortical sites that generate new actin filaments. While purified actin has the capacity to self-assemble, this intrinsic turnover is too slow to effectively remodel the cytoskeleton within biological contexts. Instead, many effector proteins exist to catalyze distinct steps in filament assembly, several of which have recently been found to interact with cadherin receptors.
The rate-limiting step in de novo filament generation is the kinetically unfavorable nucleation of filaments from monomers (53, 106, 135, 285) . This is because actin dimers and trimers are unstable; additionally, cells typically contain large pools of monomer-buffering proteins (such as profilin and thymosin ␤4) that can sequester free actin monomer. Thus a number of molecular mechanisms exist to nucleate actin filaments, two of which are reported to interact with classical cadherins (Fig. 14) .
The first actin nucleator that was discovered, the actin-related protein (Arp) 2/3 complex, consists of a stable complex of seven evolutionarily conserved proteins (53, 135). When activated by nucleation-promoting factors (notably WASP-WAVE family proteins), Arp2/3 catalyzes nucleation of filaments at their pointed (minus) ends, thereby allowing growth to occur at the barbed ends by intrinsic self-assembly. The purified Arp2/3 complex, however, has little intrinsic nucleating activity; instead, within cells it is activated by other proteins in response to a variety of cellular signals (135) . Of note, Arp2/3 (180) and its nucleation promotors, N-WASP and WAVE (153, 414) , are found at cadherin-based cell-cell contacts. Arp2/3 can form a molecular complex with E-cadherin in response to homophilic ligation (180) , and blocking Arp2/3 activity reduces actin assembly at cadherin adhesions (384) .
Formins nucleate actin filaments by a different molecular mechanism. In contrast to Arp2/3, formins bind to the barbed ends of filaments and may promote nucleation by stabilizing spontaneously formed actin dimers and trimers (53). Moreover, formins have the remarkable capacity of processive association, where they remain bound to the barbed ends of growing filaments through many rounds of monomer addition (285) . Many different formin family members exist in metazoa (106) , several of which have been implicated at cadherin contacts. Formin-1, the founding member of the family, was recruited to keratinocyte cadherin contacts through association with ␣-catenin; disruption of the interaction between these two proteins perturbed cell-cell integrity and the perijunctional actin cytoskeleton (176) . Drosophila Diaphanous and its mammalian homolog, mDia1, also localize to cadherin-based cell-cell adhesions, where they contribute to stabilizing the perijunctional actin ring and adherens junctions (44, 142, 318) . The precise functional relationship between Arp2/3 and formins in actin regulation at cell-cell contacts remains to be elucidated.
Filament growth can also be initiated when new free barbed ends are generated from preexisting filaments, either by uncapping barbed ends or severing filaments. This can potentially generate bursts of actin assembly in response to cell signaling (101) . Gelsolin, a potent actinsevering protein, is found in cadherin complexes at nascent cadherin-based cell-cell adhesions (46) , where it supports actin assembly and cadherin adhesion (80) . Gelsolin appears to be recruited to cadherin adhesions in response to locally generated phosphatidylinositol 4,5-bisphosphate (PIP 2 ) signals (80) . Of note, gelsolin will cap the barbed ends that it generates by severing, and these gelsolin caps must be removed for filament growth to occur (353) . PIP 2 also participates in uncapping gelsolin (353) , and this uncapping ability appears to be essential for gelsolin to promote cadherin adhesion (80) . It is likely that other proteins that sever and uncap filaments, like gelsolin, will be found to contribute to actin assembly at cadherin adhesions.
Once nucleation or fresh barbed ends initiate actin assembly, filament growth can potentially be driven by self-polymerization until actin monomer reserves are depleted. However, the degree of filament growth is antagonized by the existence of capping proteins that bind to barbed ends and prevent monomer addition (53). Persistent filament growth therefore requires the cooperation of proteins that protect the barbed ends. One class of anticapping proteins (or "actin elongation factors") are the formins themselves (53); thus cadherins may recruit formins to drive actin assembly both through nucleation and anticapping. Moreover, formins can accelerate growth at barbed ends by recruiting profilin-actin complexes (53). Another class is the Enabled/Vasodilatorstimulated phosphoprotein (Ena/VASP) family, which preferentially bind to filament barbed ends, thereby protecting them from capping as well as accelerating barbed end growth (23, 53) . Drosophila Ena and its mammalian homolog, Mena, are found at cell-cell contacts (110) , and Mena can be recruited to the cortex in response to cad- herin homophilic ligation. However, although Ena localizes to adherens junctions in the Drosophila embryo, its depletion does not affect junctional integrity, despite having morphogenetic effects (95) . In contrast, the mammalian Ena homologs (Mena, VASP, EVL) support actin assembly at cell-cell contacts (94, 325) and the integrity of cell-cell contacts in cultured keratinocytes (383) . Moreover, mice embryos depleted of all three Ena/VASP proteins were highly susceptible to disruption by mechanical stress (94) .
B) ACTIN FILAMENT-BINDING PROTEINS. A number of proteins that share the ability to associate with F-actin have been implicated in cadherin biology (Fig. 15) , although their molecular actions are likely to differ.
I) ␣-Catenin. The most intensively studied filamentbinding protein in cadherin biology (326) , ␣-catenin, can interact with actin filaments in several ways. Recombinant ␣-catenin cosediments with purified F-actin (74, 309) , demonstrating that ␣-catenin can bind directly to actin filaments. It may also interact with other actinbinding proteins, including vinculin (399, 401), ZO-1 (149), ␣-actinin (175), afadin (297, 357) , and EPLIN (2). Thus ␣-catenin has the direct and indirect potential to bind to actin filaments. ␣-Catenin also inhibits Arp2/3-mediated actin assembly in vitro (74) , suggesting its potential to regulate actin dynamics. The functional role of ␣-catenin in cadherin-actin cooperation is discussed at greater length below (see sect. IIIC3A).
II) Vinculin. Although more commonly known as a component of integrin-based focal adhesions, vinculin is also found at cadherin-based cell-cell adhesions (98) . It is identified in cadherin complexes (129, 213, 291, 399) , an association that may depend on interactions with ␣-catenin (74, 399), ␤-catenin (291), and/or myosin VI (213), depending on cell type and functional context. Vinculin can bind directly to actin filaments and can also associate with a variety of other actin-binding proteins, including Arp2/3, Ena/VASP proteins, and ␣-actinin (428). Consistent with a functional impact at cell-cell adhesions, disruption of vinculin expression, its function, or its interaction with the cadherin-catenin complex perturbs cadherin-based cell-cell interactions, organization of the perijunctional actin cytoskeleton, and the apical junctional complex (213, 399, 401) .
III) Cortactin. This phosphoprotein is a versatile scaffolding molecule often found where the actin cytoskeleton interacts with the plasma membrane (11, 65) . At cell-cell contacts, cortactin can complex with both Ecadherin and N-cadherin (79, 131) , an interaction that can be induced by cadherin homophilic ligation (131) . Lossof-function studies indicate that cortactin contributes to cadherin adhesion, junctional integrity, and the organization and dynamics of the perijunctional actin cytoskeleton (79, 305, 384) . The molecular mechanism responsible for this diverse functional impact is likely to be complex (304) . Cortactin can bind directly to F-actin and also interacts with a range of other actin-modulatory proteins, which include Arp2/3, N-WASP, and WIP (11) . One function may be to promote actin assembly by assembling a signaling complex that promotes Arp2/3 activity, but this is unlikely to be its only molecular action. Importantly, cortactin is a target for several cell signaling pathways (11, 65) , functions as an effector of E-cadherin-activated Src signaling in epithelia (305) , and is downstream of FER kinase at N-cadherin adhesions (78) .
These three examples alone highlight the potential mechanistic diversity of cytoskeletal regulation that might be supported by these actin-binding proteins. Additional complexity is likely to be provided by other filament-binding proteins, such as KLEIP (122) and the crosslinker ␣-actinin (175) , that have also been identified at cadherin adhesions and implicated in modulating the perijunctional actin cytoskeleton. FIG . 15 . Anchorage of cadherin adhesion complexes to the actin cytoskeleton. Potential models include the following. A: binding to cortical actin filaments directly via ␣-catenin. Although direct binding of cadherin-bound ␣-catenin to F-actin has not been confirmed in vitro, conformational change induced by, e.g., mechanical force, may allow the cadherin-bound ␣-catenin to interact with actin filaments. B: alternative mechanisms to couple cadherin complexes to actin filaments. Potential other mechanisms to physically couple cadherin complexes to F-actin include binding proteins, such as EPLIN, which are recruited by ␣-catenin. Alternatively, but not exclusively, other actin binding proteins, such as myosin VI, can interact with cadherins by as-yet-uncharacterized molecular mechanisms. C) ACTIN-BASED MOTORS. Myosin motors are mechanoenzymes that share two fundamental properties: the capacity to bind actin filaments and to move relative to those bound filaments. This latter property allows myosins to move on filaments and/or organize the cytoskeleton itself. The precise impact of an individual myosin will depend on its capacity to self-associate and the organization generated by such self-association, its kinetic and motor properties, and the properties of the local actin cytoskeleton where it is associated.
Four myosins (II, VI, VII, X) have been implicated in cadherin biology. Nonmuscle myosin II is commonly found enriched with the perijunctional actin cytoskeleton at both invertebrate and mammalian epithelial contacts (29, 332, 342) . Its junctional localization in cultured mammalian epithelia appeared to depend on a variety of upstream signals and cadherin adhesion itself; indeed, homophilic E-cadherin ligation can activate this motor (332) . The precise regulation of its junctional localization is further influenced by the myosin II isoform involved (342) . Of the three isoforms found in mammals (386) , both myosin IIA and IIB are found at epithelial cell-cell junctions. Junctional recruitment of myosin IIA appears to respond to signals that activate the motor (Rho, ROCK, MLCK), whereas junctional localization of myosin IIB depends on Rap1 signaling (342) . The biological impact of myosin II on cadherin contacts seems to depend on cell type, functional context, and the myosin II isoform involved. In some reports, especially where cell-cell contacts undergo dynamic reorganization, myosin II appears to promote turnover of cadherin contacts (29) or disruption of junctions (71) . In other contexts (61) , notably where myosin II may be activated in response to cadherin adhesion, it supports adhesive strengthening and maintains the ZA (332) .
Myosin II isoforms also differ in their intrinsic motor properties and, while its contractile capacity is the most commonly known function of this motor, its capacity to anchor to filaments may also be important. Of note, cellcell adhesive defects seen in the neural tube of mouse embryos deficient for myosin IIB were rescued by a myosin mutant with defective motor (actin-sliding) capacity, but which retained the ability to bind filaments (212) . Similarly, integrity of the ZA in myosin IIA-deficient cells could be rescued with a poorly contractile myosin IIA mutant (342) .
Myosin VI is unusual among myosins because it moves processively towards the minus ends of actin filaments, whereas all other myosins are directed towards the plus ends (355) . Myosin VI binds to E-cadherin at epithelial cell-cell contacts (213) , and its recruitment coincides with the reshaping of nascent contacts into linear cadherin contacts during epithelial maturation. Myosin VI disruption perturbs junctional integrity in cultured mammalian cells and Drosophila embryos (213, 236) , and in culture this coincides with reduced cadherin adhesion and disorganization of the perijunctional actin cytoskeleton. Myosin VI also cooperates functionally with DEcadherin during border cell migration in the fly egg chamber, suggesting that it participates in several distinct forms of cadherin-based morphogenesis (99) . Myosin VI contributes to the post-Golgi sorting of E-cadherin to the lateral cell surface (15) , but its impact on junctional integrity appeared to occur without substantive changes in surface cadherin levels, suggesting that its impact on the perijunctional actin cytoskeleton is more significant for this effect (213) . Interestingly, in established cell contacts, myosin VI was necessary for the junctional localization of vinculin, which cooperated as an apparent downstream effector of myosin VI in preserving junctional integrity (213) .
Finally, the role of myosin X has been discussed earlier in the context of cadherin transport (see sect. IIIB2). Myosin VII is a plus-end-directed motor that can interact indirectly with E-cadherin through the transmembrane protein verzatin (185) . This interaction participates in cadherin-dependent internalization of Listeria bacteria (345) , but its precise role in cadherin physiology is not certain.
Functional impact of cadherin-actin interactions
A) ANCHORING CADHERINS TO ACTIN. Cadherin adhesions are sites where surface adhesion is mechanically coupled to the actin cytoskeleton. For example, N-cadherin molecules undergo actin-dependent retrograde flow on the dorsal surfaces of cells (188) . This implies that cadherins can couple to the cortical actin cytoskeleton, as has been reported for other transmembrane proteins (84, 208) , providing a mechanism for the actin cytoskeleton to mechanically influence the cadherin. Conversely, cadherin adhesions commonly appear to intersect with contractile actin cables (62, 325, 382, 424) , suggesting that actin-based mechanical forces play on sites of adhesion. This is emphasized by recent evidence that contractile tugging force exerted on endothelial cell-cell contacts could increase the size of VE-cadherin junctions (209) . Such observations imply that mechanisms must exist to physically couple cadherin adhesions to the actin cytoskeleton (Fig. 15) .
␣-Catenin has long been favored to mediate cadherin anchorage to the cytoskeleton, a notion prompted by several observations. First, the incorporation of ␣-catenin coincides with the cadherin-catenin complex becoming more Triton insoluble (137, 254) , and expression of ␣-catenin in tumor cells lacking this protein renders Ecadherin more detergent resistant (398) . Detergent extractability has often been interpreted as evidence for cytoskeletal association; however, it is important to emphasize that many other factors influence the detergent sensitivity of membrane proteins (322) . Second, ␣-catenin often localizes to sites where perijunctional actin cables intersect with cadherin adhesions, and loss of the catenin can lead to detachment of those cables from the cortex (62, 382) , suggesting that ␣-catenin might couple these actin structures to adhesions. Finally, taken with the demonstration that purified ␣-catenin can directly bind F-actin in cosedimentation assays (309) , these findings supported a popular model whereby ␣-catenin directly couples the cadherin molecular complex to the cortical actin cytoskeleton.
In its purest form, this quaternary model of cadherin anchorage to F-actin via ␣-catenin has failed the empirical test. Using in vitro binding assays, Yamada et al. (413) confirmed that recombinant ␣-catenin can bind actin filaments; however, an interaction with F-actin was not detectable when ␣-catenin was incorporated into a complex with recombinant ␤-catenin and the cadherin cytoplasmic tail. Instead, binding of ␣-catenin to ␤-catenin appeared to be mutually exclusive of its binding to actin filaments (74) . Nor could F-actin binding be identified when the ternary cadherin-catenin complex was reconstituted on stripped plasma membranes, and in protein exchange studies, GFP-tagged actin at cell-cell contacts turned over much more rapidly than did E-cadherin, ␤-catenin, or ␣-catenin itself (413) . Although a simple quaternary complex linking E-cadherin to stable actin filaments through ␣-catenin could not be reconstituted in vitro, it is possible that in the cellular context other factors, such as mechanical force, may operate to activate its F-actin-binding capacity when ␣-catenin is part of the cadherin molecular complex (422) (Fig. 15A) .
Several other mechanisms exist that might physically couple cadherin adhesion to the cytoskeleton. One possibility is that the local lipid environment of the plasma membrane at adhesion sites might mediate binding to cortical filaments. Many actin-binding proteins, including vinculin, can bind to PIP 2 (331), which is often enriched at intercellular contacts (222) and which mediates interactions between the plasma membrane and the cortical cytoskeleton (331) . In an extreme form of this model, cortical filaments could interact with the plasma membrane in regions of adhesion without protein-protein linkages as well. However, lipid-based membrane-cytoskeleton interactions are relatively weak (200, 331, 404) ; it is difficult to envision even weaker polymer-membrane interactions supporting strong cell-cell adhesion.
Alternatively, other actin-binding proteins may couple cadherins to filaments at sites of adhesion (Fig. 15B) . The actin-binding protein EPLIN was recently identified as a junctional component that incorporates into the cadherin complex through a direct interaction with ␣-catenin. Moreover, EPLIN appeared capable of supporting the in vitro binding of actin filaments to beads coated with a reconstituted cadherin/␤-catenin/␣-catenin complex (2).
Vinculin, cortactin, and myosin VI also have the potential to couple cadherins to filaments, insofar as they can interact biochemically with the cadherin complex and possess the intrinsic ability to bind F-actin. Depletion of these individual proteins also disturbs the organization of the perijunctional actin cytoskeleton (213, 305, 399, 401) . Thus there is the capacity for other proteins to confer both ␣-catenin-dependent and -independent anchorage to the perijunctional actin cytoskeleton. Moreover, these proteins may interact in a context-dependent fashion. Of note, ␣-catenin was recently reported to undergo conformational alteration in response to mechanical force, leading to vinculin-binding (422) (Fig. 15A) .
B) FORCE GENERATION AND FORCE RESISTANCE. Cadherin adhesions are subject to mechanical force. They are predicted to be sites where force is generated, sensed (198, 209) , and resisted by cells. Force generation is most readily evident when cell contacts are being assembled or remodeled. For example, as cultured cells make contact with one another, local protrusiveness of the membrane appears to bring cell surfaces together (4, 77, 383) . Also, once initial contacts have been formed, such surface protrusiveness may promote the extension of contacts upon one another, thereby promoting more robust cell-cell interactions. Such "zippering," which has often been described as part of the cell biology of cadherin interactions, requires contributions from the actin cytoskeleton and is not necessarily due to surface adhesion alone (384) . Force generation at cadherin adhesions is also likely to participate in cadherin-dependent cell-upon-cell locomotion (115, 241) , where cells must translocate upon one another, presumably making, as well as breaking, intercellular adhesive contacts in the process.
Cortical actin filament assembly has often been implicated in generating surface protrusive force. The Arp2/3 complex, in particular, participates in leading edge protrusion during cell locomotion (135) , accumulates in newly forming cadherin contacts (180) , and participates in efficient assembly of adhesive contacts (384) . Recruitment of Arp2/3 to E-cadherin complexes (180) could provide a mechanism that focuses actin assembly to promote surface protrusion and contact extension as cells first interact with one another. Although yet to be directly tested, formin-mediated actin assembly could provide an additional mechanism for force to be generated at sites of cadherin-based actin bundles.
Other molecular mechanisms can also complement and/or provide alternatives to filament assembly for force generation. These include the reorganization of filaments into bundles, a process that can involve Ena/VASP proteins (383), other bundling proteins, and nonmuscle myosin II (354, 388) . Myosin II-based contractility itself is commonly invoked as a force generator in many cellular contexts. One example is the apical constriction that mediates mesoderm invagination during Drosophila gas-trulation (296) . This process also requires cadherin-based adherens junctions (69) , leading to the notion that myosin II contractility against the adhesions drives the morphogenetic movement. This model implies some chain of physical linkage between myosin II and cadherin receptors. It is then noteworthy that canoe (the fly homolog of afadin) can associate with DE-cadherin, and in fly embryos, mutant for canoe myosin II appears to lose connection with adherens junctions and the cells fail to complete mesoderm invagination (320) .
The precise direction of force that myosin II will generate depends on its organization. Myosin II assembles into short bipolar arrays ("minifilaments") (256) , implying that motor force will be directed into the centers of the minifilaments. The exact organization of these minifilaments will determine the broader landscape of force supported by myosin II. For example, isotropic distribution of myosin II at the cell cortex would promote contraction of the whole cortex (63) , whereas incorporation of myosin II into actin filament bundles would tend to lead to shortening of the bundles.
As well as being sites where cells apply force to other cells, cadherin contacts are also sites where cells must resist forces that would tend to break contacts apart. This is exemplified by the impact of HGF, which stimulates integrin-based actomyosin contractility to mechanically disrupt epithelial cell-cell contacts (71) . Similarly, such disruptive forces are seen during wound healing (58) and during morphogenesis in embryos (62) . In all these examples, one envisages that forces generated elsewhere in cells, or from other tissues, act to pull against cell-cell contacts. More subtly, the generation of protrusive force by the cytoskeleton at cadherin contacts may also have the potential to distort or disrupt those contacts by exerting shear forces against the anchoring cadherin bonds. Such forces can disrupt cell-cell contacts, but in other cases, force may act as a stimulus to reinforce intercellular junctions, through a tension-sensing mechanism that appears to involve ␣-catenin and vinculin (198, 422) .
It is likely that multiple cytoskeletal mechanisms contribute to resisting force at cadherin adhesions. The organization of actin filaments into bundles provides a mechanism to distribute force across contacts. Potential bundling proteins, such as vinculin, may preserve junctional integrity in part by supporting perijunctional actin bundles. Motor proteins, such as myosin II and myosin VI, can reorganize actin filaments into bundles and networks, which would tend to resist forces (102, 263) . As well, motors such as myosins II and VI can respond to strain by "locking" and remaining bound to actin filaments (10, 181) , providing a mechanism for anchorage. Such anchorage may explain the observation that adhesive defects seen in myosin IIB null mouse embryos can be rescued with a myosin mutant that lacks filament sliding capacity, but retains actin binding (212) . As well, though, the ease with which membrane tethers can be pulled away from the cell cortex (82, 140) argues that robust cytoskeletal attachments are necessary for cadherin complexes to resist force. C) CORTICAL MEMBRANE ORGANIZATION. As discussed earlier, cadherins display distinct patterns of distribution at cell-cell contacts, which include puncta (clusters) (14, 163, 332) as well as the apical ring structure in epithelial cells commonly thought to reflect the zonula adherens (34, 234) . It was earlier suggested that cis-and transbinding interactions between ectodomains might lead to the lateral assembly of cadherins into paracrystalline arrays (330) . Despite this, cytoplasmic contributions of the cytoskeleton also appear to contribute to surface cadherin organization. Of note, myosin II (332), and specifically the myosin IIA isoform (342), promotes lateral cadherin clustering (Fig. 10) . Similarly, DE-cadherin puncta in Drosophila embryos colocalize with relatively stable F-actin plaques, whose lateral mobility is restricted by ␣-catenin (45) . Thus cytoskeletal factors can restrict cadherin distribution within the plane of cell-cell contacts.
The cytoskeleton may also have other active roles in the surface distribution of cadherin. Contacts between motile cells display an actin-dependent cortical flow of cadherins from the basal surface to the apical contacts between cells (163) . This also depended on myosin lightchain kinase, suggesting that it represented a form of acto-myosin-driven cortical flow, akin to that which occurs on the free surfaces of motile cells (188, 208) . Thus the apical cadherin ring that is characteristic of many epithelial cells may reflect multiple impacts of the actin cytoskeleton on cadherin distribution: both cortical flow that drives cadherin punta in an apical direction and myosin II-dependent retention of cadherin in the apical ring. Moreover, while the heterogeneous distributions of cadherins are often most apparent at epithelial cell-cell contacts, the distinctive organizations of cadherins in other junctions, such as those in synapses, are likely to also involve cadherin-actin interactions (1).
D. The Interplay Between Cadherins and Cell Signaling
In the earlier sections of this review we discussed the many ways in which membrane trafficking and the actin cytoskeleton may be coordinated with cadherin adhesion receptors in a variety of biological contexts. This implies that mechanisms must exist to regulate this coordination. Indeed, a host of signaling mechanisms are active at cadherin adhesive contacts. These include calcium signaling (46, 260) and regulators of ␤-catenin signaling (215) . Within the scope of this review, we will focus on signals that have clearly defined morphogenetic impacts on the cytoskeleton and membrane trafficking: Rho family small GTPases and protein tyrosine kinases.
Cadherins as signaling receptors
It has often been attractive to postulate that the morphogenetic impact of cadherins might entail adhesion-activated cell signaling, where productive binding of the cadherins would alter intracellular signaling events that ultimately lead to changes in cell behavior. This gained support from evidence that the assembly of cellcell contacts modulated a variety of signaling pathways in a cadherin-dependent fashion, including signaling by Rho family GTPases (31, 253) , the lipid kinase phosphatidylinositol 3-kinase (286) , and Src familiy kinases (229) . However, it was not possible in those experiments to determine whether signaling was altered as a direct response to the cadherin itself, or as a result of a juxtacrine signaling pathway (Fig. 16) . The first scenario envisages that ligand binding of the ectodomain initiates intracellular signaling events: the cadherin is both necessary and sufficient to activate cell signaling (Fig. 16A ). In the second scenario, cadherin adhesion brings together cell surfaces that bear contact-dependent ligands and their receptors [e.g., nectin Ig superfamily proteins (92)] or facilitates gap junction assembly (114) , which then initiate cell signaling (Fig. 16B) . In this second scenario, cadherin adhesion is necessary for signaling because it brings cell surfaces together, but it is not sufficient because other receptors are more proximally responsible for altering signaling.
Definitive evidence that these signals were being regulated in response to the cadherin receptor came with experiments that used recombinant adhesive ligands to ligate the cadherin without incurring effects due to juxtacrine signaling (419) . Most commonly, cadherin ligation appears to stimulate intracellular signaling, although it is also capable of inhibiting signaling pathways (265, 267) . Importantly, signaling events are modulated in response to productive ligation of the cadherin ectodomains, indicating that cadherins can function as adhesion-activated signaling receptors (403, 419) .
Signaling molecules at cadherin adhesive contacts:
Rho family GTPases A) RHO GTPASES AND CADHERIN SIGNALING. Given their wellestablished capacity to regulate the actin cytoskeleton (118, 156) , much attention has focused on the potential for Rho family small GTPases to signal at cadherin-based cell-cell contacts. All three of the best-understood Rho family GTPases, Rho, Rac, and Cdc42, have been identified at cell-cell contacts by immunofluorescence microscopy (49, 169, 184, 214, 253) . Like other members of the Ras superfamily, Rho family GTPases act as molecular switches determined by their nucleotide-bound status: when bound to GTP, they are capable of interacting with a range of effector molecules, thereby initiating signaling cascades, whereas they are unable to bind effectors (and are thus unable to signal) in their GDP-bound state (118) . Biochemical studies have demonstrated that Rho (49), Rac (31, 191, 253) , and Cdc42 (169) can be GTP-loaded when cells make contact with one another or as cells grow to confluence. Moreover, studies that used biosensors to identify the GTP-loaded state identified active Rho, Rac (412) , and Cdc42 (169) at cell-cell contacts. Thus cadherin contacts are sites for Rho GTPase signaling. Key issues, then, are how these signaling molecules are localized to, and activated at, cadherin-based cell-cell contacts.
Homophilic cadherin adhesion assays have further demonstrated that E-cadherin ligation acutely activates signaling by both Rac and Cdc42 (97, 107, 179, 182, 267) . Characteristically, Rac is activated as an early, transient response to either cell-cell contact (253) or homophilic cadherin ligation (179, 267) . Moreover, live cell imaging indicates that Rac tracks the margins where adhesions are being extended (77) . Overall, these data suggest that Rac is activated as an early-immediate response to cadherin ligation, perhaps preferentially at sites where contacts are being assembled.
The impact of cadherin adhesion on Rho signaling is more complex. In those studies that demonstrated acute activation of Rac by E-cadherin ligation, Rho was instead inhibited, through a process that involves p190 Rho-GAP, which activates the intrinsic GTPase activity of Rho to hydrolyze bound GTP to GDP (265, 267) . As Rac can activate p190 Rho-GAP (261), it is possible that Rho was inhibited in response to cadherin-activated Rac signaling. In contrast, independent studies reported that homophilic ligation of N-cadherin in cultured C2C12 myoblasts activated Rho signaling without having any effect on Rac signaling (49). These discrepancies may reflect the different cadherins and cell types studied. Additionally, as cells first assemble contacts with one another, Rac appears to dominate at contacts to later be replaced by Rho (412) . It is thus possible that the biological context of cell-cell interactions may critically influence which of these GTPases is active at contacts.
The active, GTP-loaded state of Rho family GTPases is determined by interactions with other regulatory proteins (156) . Notably, guanine nucleotide exchange factors (GEFs) catalyze the exchange of GDP for GTP, thereby acting as key activators of GTPase signaling. Over 60 Rho family GEFs are documented (321) , with varying degrees of specificity for the various Rho family GTPases. Our knowledge of the GEFs that participate in cadherin signaling is still quite limited. Tiam-1 has been implicated in Rac activation: this GEF localizes in a cadherin-dependent fashion at E-cadherin-(143) and VE-cadherin-based cell-cell contacts (191) and is necessary for the integrity of those contacts (218) . However, while GTP-Rac levels were reduced in VE-cadherin-null endothelial cells that fail to recruit Tiam-1 to contacts (191) , it did not appear to be essential for E-cadherin to activate Rac signaling (182) . It is very likely that several different GEFs may contribute to cadherin activation of Rho, Rac, and Cdc42. This may be due to redundancy, cell type-specific expression of GEFs, or the use of different GEFs at different stages in the biogenesis, maturation, and turnover of cell-cell interactions.
The location of GEFs is an important, but not the sole, factor that determines the activity and subcellular localization of Rho family GTPase signals (407) . In this regard, p120-ctn has emerged as an interesting potential regulator of Rho GTPase signaling at cadherin contacts. When overexpressed in cadherin-deficient fibroblasts, p120-ctn appears to coordinately inhibit signaling by Rho while stimulating Rac and Cdc42 (12, 112, 266) . In vitro studies suggested that p120-ctn might inhibit Rho by acting like a Rho GDI, inhibiting the exchange on Rho of GDP for GTP (12) . More recently, p120-ctn was demonstrated to inhibit Rho by forming a molecular complex with p190-Rho GAP, thereby providing a scaffold to bring GAP and substrate together (405) .
While the impact of p120-ctn in cadherin-deficient fibroblasts presumably reflects its action in the cytoplasm, p120-ctn can also influence Rho GTPase signaling when it is incorporated into the cadherin molecular complex. In Drosophila embryos, Rho was identified in a complex with both p120-ctn and ␣-catenin, a biochemical interaction that might explain its tendency to concentrate in cadherin-enriched regions of cell-cell contact (214) . Moreover, in vitro binding studies showed that Drosophila p120-ctn preferentially bound to GDP-loaded DRho (214) , consistent with the notion that the catenin might sequester Rho in an inactive state (12, 13) . Additionally, p120-ctn recruits p190-Rho-GAP to cell-cell contacts, providing an additional mechanism to inhibit Rho signaling at the cortex (405) . The potential for cadherin-bound p120-ctn to influence signaling at cadherin contacts is supported by studies using cadherin mutants that cannot bind p120-ctn. Both deletion mutants lacking regions of the membrane-proximal region of the cytoplasmic tail and more limited point mutations in the p120-ctn-binding site fail to support Rac activation either in monolayer cultures or in cells acutely stimulated by cadherin adhesion (97, 107, 191) . Although much remains to be established, these observations together suggest that when bound to cadherins p120-ctn may modulate Rho family signaling at adhesive contacts.
B) CELLULAR TARGETS OF RHO FAMILY GTPASES. Expression of dominant-negative GTPase mutants has identified roles for these signals, notably Rho and Rac, in supporting the integrity of cadherin-based cell-cell junctions. It should be noted, however, that there is also evidence that these signaling molecules may exert negative effects on cadherin biology. These discrepancies may reflect differences in the experimental systems used. However, it is possible that quantitative differences in signal strength or duration critically influence the impact of GTPase signaling on cadherin biology as appears to be the case for tyrosine kinase signaling (discussed below).
Ultimately, Rho family GTPases must alter cadherin biology by regulating processes such as cytoskeletal function and membrane trafficking. Indeed, there is ample evidence for such regulation in other contexts that are likely to be relevant for cadherin cell biology. In particular, Rho family GTPases are core regulators of the actin cytoskeleton that modulate many aspects of cytoskeletal organization and dynamics (118, 156) . The latter include promotion of actin nucleation through nucleation promoting factors, such as N-WASP and WAVE (150) , which respond to Cdc42 and Rac, respectively; control of myosin II-dependent contractility through Rho (386); and regulating the recruitment of scaffolding proteins, such as cortactin which can respond to Rac (400).
Recent evidence is beginning to define the signaling pathways that link Rho family GTPases to specific aspects of cytoskeletal regulation at cadherin adhesions themselves. Thus Rho and its downstream mediator, Rho kinase (ROCK), support myosin II (332, 342) and formin (44) activity at cadherin contacts, while both Rac and Cdc42 can influence cadherin-activated actin assembly (182) and regulate the coupling of cadherins to the subcortical cytoskeleton (188) . We anticipate that cytoskeletal regulation at cadherin contacts will involve a com-plex network of signals and effectors, as is found in other contexts. If so, how individual GTPase signals are expressed in space and time will constitute an important aspect of signaling at cell-cell contacts. For example, the recent observation that Rac and Rho are activated at different sites and phases during contact assembly (412) may provide a mechanism to activate different sets of cytoskeletal regulators at different stages of contact formation.
Similarly, Rho GTPases influence membrane traffic at many stages, which include endocytosis via both clathrindependent and -independent pathways (186, 316) , and sorting at various intracellular sites (60, 246) . Their potential impact for cadherin trafficking is beginning to be elucidated. Thus Rac inhibited E-cadherin internalization in cell-free assay systems (155) and during post-Golgi transport (393) . At least some of these effects of Rho GTPases on cadherin trafficking are likely to be mediated by local regulation of the actin cytoskeleton (100, 204).
Cadherin adhesions and phosphotyrosine signaling
A) REGULATORS OF PROTEIN TYROSINE PHOSPHORYLATION AT CADHERIN CONTACTS. Cadherin-based adhesions are prominent sites for phosphotyrosine (pY) signaling within cells: they are highly enriched in tyrosine-phosphorylated proteins (104, 145, 187, 216, 217, 229, 360, 378, 380, 390) as well as in the enzymes that control those phosphorylation events. The latter include both receptor tyrosine kinases (RTKs; e.g., EGF and VEGF receptors), nonreceptor kinases [e.g., members of the Src family (SFKs) and Fer/ FES kinases], transmembrane (receptor) protein tyrosine phosphatases (PTPs; e.g., RPTP and LAR), as well as cytoplasmic PTPs (e.g., PTP1B) (for references, see below).
Many of these proteins can interact, directly or indirectly, with the cadherin molecular complex itself, although many molecular details remain to be determined. For example, the EGF receptor (EGFR), an RTK, coaccumulates with E-cadherin at adhesive contacts and can be found in a protein complex with the cadherin (287, 302) or with ␤-catenin (270) . Similarly, VEGF receptors interact with VE-cadherin in endothelia (187) . In contrast, both Src family kinases and FER can associate directly with p120-ctn (168, 295, 314) , and Src has also been found in E-cadherin and VE-cadherin protein complexes (27, 117, 187) . Several PTPs are also reported to associate biochemically with cadherins, by several mechanisms (230, 245) . Both the transmembrane proteins RPTP and VE-PTP interact laterally (in cis) with cadherins (36, 37) . However, RPTPm and E-cadherin appear to bind through their cytoplasmic domains (36, 37) , whereas VE-PTP is reported to interact with VE-cadherin through its ectodomain (255) . Among nonreceptor PTPs, PTP1B was reported to bind directly to the cadherin cytoplasmic tail (17, 410) , while SHP-1 was reported to bind to ␤-and/or p120-ctn (75, 166) . Thus there are many potential molecular mechanisms for cadherins to interact with regulators of protein tyrosine phosphorylation.
Importantly, many of the targets for these tyrosine kinases and phosphatases are cadherins, their binding partners, and/or proteins that interact functionally with the adhesion receptor complex. These include both ␤-catenin and p120-ctn, which are heavily tyrosine-phosphorylated in cells stimulated with growth factors or that express catalytically active kinases, such as v-Src (18, 25, 43, 119, 245, 335, 361) . Indeed, both these catenins can be directly phosphorylated by a number of kinases in vitro, such as Src (315) and Fer (168, 295) . Tyrosine phosphorylation on cadherin cytoplasmic tails has been clearly documented for VE-cadherin, where a number of tyrosine residues are targeted (3, 8, 104, 145, 187, 380) . Other targets of tyrosine phosphorylation at cadherin adhesions include cytoskeletal regulators and signaling molecules (265, 405) .
What then are the upstream receptors that trigger signaling to induce tyrosine phosphorylation of cadherins and their partner proteins? Most commonly, tyrosine phosphorylation at cell-cell contacts is envisaged to arise in response to growth factor receptor signaling (18, 81) . These include the EGFR and HGF receptors in epithelial cells (90, 335, 337) and VEGF receptors in vascular endothelial cells (392) . Stimulation of these receptors by ligand, or overexpression of receptors in cells, induces tyrosine phosphorylation of many proteins found at cellcell contacts, including components of the cadherin molecular complex itself. In endothelial cells, the cytoplasmic tail of VE-cadherin is tyrosine phosphorylated in response to a wide range of signals, which include growth factors (392), inflammatory mediators (104) , and interaction with leukocyte adhesion molecules (8, 380) . Such phosphorylation events may be direct, or mediated by downstream kinases that can include SFK and Abelson family kinases (8, 187, 308, 392) . As discussed further below, such growth factor-induced phosphorylation is commonly thought to perturb cadherin function.
However, cadherins can also influence tyrosine kinase signaling. One way is for tyrosine kinases to themselves transduce cadherin signals. In epithelial cells, blocking cadherin function can reduce Src activity at cell-cell contacts, and homophilic ligation of E-cadherin activates Src (229) , identifying Src as a downstream target in E-cadherin signaling. EGFR activity has also been implicated in E-cadherin-activated signaling to Rac and MAPK (31, 287) , suggesting that it may mediate several downstream steps in cadherin signaling. Thus a variety of tyrosine kinases potentially mediate cadherin signaling. In addition, cadherins can also inhibit growth factor signaling through mechanisms that include altering receptor affinity for ligand and controlling the subcellular localiza-tion of growth factor receptors (190, 192, 302) . Clearly, then, the precise functional relationship between cadherins and tyrosine kinases will depend on cell type and context. B) FUNCTIONAL IMPACT. What then are the functional consequences of tyrosine kinase signaling for cadherin biology? Although commonly regarded as negative regulators of cadherin function, there is increasing evidence for greater complexity. This is best illustrated by the example of the Src family kinases (SFK).
Many gain-of-function studies have clearly demonstrated that increased SFK signaling perturbs cadherinbased cell-cell interactions. For example, overexpression of v-Src or temperature-sensitive (ts) Src mutants disrupted the integrity of cadherin-based cell-cell contacts and reduced cadherin adhesion in a variety of cultured cells (25, 119, 224, 229, 361, 390, 396, 397) . Such disruption manifested in a number of ways that include altered junctional morphology and reduced cadherin staining at cellcell contacts. This negative effect of Src signaling has been attributed to destabilization of the cadherin-catenin complex and increased cadherin internalization and degradation (277) . Moreover, Src is overexpressed or constitutively activated by mutation in many epithelial tumors where cell-cell junctions are abnormal. Consistent with this, disruption of cell-cell interactions in cell culture models was accompanied by an apparent epithelial-tomesenchymal transformation or a metastatic, invasive phenotype (16, 25, 224) . This suggested that cadherin function might be targeted by SFK signaling as a key element in a broader change in cellular phenotype.
However, it should be noted that a negative impact of SFK signaling has generally been identified in gain-offunction studies. In contrast, loss-of-function analyses in animal and cell culture models have provided evidence for a positive contribution of SFK signaling to cadherin function. Both Src and fyn are found at cell-cell contacts in mouse keratinocytes, and Src/Fyn Ϫ/Ϫ animals display loss of junctional integrity in the skin. Similarly, inhibiting SFK signaling reduced N-cadherin adhesion in cultured fibroblasts (79) and E-cadherin adhesion in epithelial cells (229) . In addition to mammalian systems, the c-Src ortholog DSrc-41 plays a vital role in the formation of cellcell contacts in the developing Drosophila eye (358) . Expression of a dominant negative DSrc-41 mutant perturbed adherens junctions, with both DE-cadherin and F-actin being lost from cell-cell contacts (358, 359) . Together, these findings demonstrate that under certain circumstances SFK signaling can support cadherin adhesion and contact integrity.
One approach to reconcile these apparently disparate results is if differences in the strength of SFK signaling generate qualitatively different functional outcomes (387) . In this model, physiological SFK signaling that promotes cadherin function would occur at lower levels than the pathological forms of SFK signaling that inhibit adhesion and contact integrity. There is some experimental evidence for such a notion, from experiments that measured the degree to which cells spread upon cadherincoated substrata as an index of cadherin function. Here, expression of constitutively active Src had a bimodal effect on cell spreading, which was promoted at lower Src levels, then became inhibited as Src expression rose (229) . While it will be necessary to test how generally applicable this model may be in other assays of cadherin biology, this observation suggests that SFK signaling will have complex effects on cadherin biology, depending on factors such as SFK expression and duration of activity. The extent to which other tyrosine kinases may have similar effects on cadherin biology remains to be tested.
C) FUNCTIONAL TARGETS OF TYROSINE KINASE SIGNALING IN
CADHERIN BIOLOGY. Any comprehensive analysis of how tyrosine phosphorylation regulates cadherin biology will ultimately need to identify the target proteins and understand how their posttranslational modification accounts for their biology. These issues remain poorly understood. The complex biological consequences of tyrosine kinase signaling, reviewed above, emphasize that there are likely to be many relevant target proteins, whose impact will depend on parameters such as the specific kinase and/or protein tyrosine phosphatase involved and the cellular context in which it acts. Here we highlight two examples of potential target proteins implicated in negative or positive contributions to cadherin biology.
In one model, tyrosine phosphorylation of ␤-catenin perturbs cadherin-based cell-cell interactions through disassembly of the cadherin molecular complex (Fig. 17A) . This concept was first prompted by the demonstration that prominent tyrosine phosphorylation of ␤-catenin correlates with the disassembly of contacts between cells stimulated with growth factors or that express a variety of tyrosine kinases (90, 301, 335) . Furthermore, in vitro tyrosine phosphorylation of ␤-catenin by Src, Fyn, or FER reduced its ability to bind to the cadherin cytoplasmic tail or to ␣-catenin (295, 315) . In vivo, broad-spectrum inhibition of protein tyrosine phosphatase activity with vanadate can reduce the interaction between ␣-and ␤-catenin (274), while decreased association of ␤-catenin with cadherins has been observed in reponse to growth factors (18) . This attractively elegant model is not, however, universally applicable. Tyrosine phosphorylation of ␤-catenin does not always perturb its interaction with the cadherin (295) , and growth factor signaling can reduce cadherin adhesion without obvious changes in the cadherin-catenin complex (38) . Moreover, the causal impact of ␤-catenin phosphorylation is not always clear-cut. This latter point is illustrated by an important experiment performed by the Tsukita laboratory, who took advantage of a chimeric protein where ␣-catenin was fused to the cadherin at its cytoplasmic tail (361) . Of note, this chimeric protein lacked the region that binds ␤-catenin and could thereby support strong cell-cell adhesion independently of ␤-catenin. Strikingly, they found that expression of constitutively active Src inhibited adhesion mediated by this fusion protein as effectively as it inhibited adhesion by the wild-type cadherin. In this instance, then, Src inhibited cadherin adhesion independently of ␤-catenin.
Alternatively, tyrosine phosphorylation may mediate the assembly of signaling complexes at the plasma membrane (Fig. 17B) . In endothelia, VEGF signaling induces phosphorylation by Src of Tyr-685 in the cadherin cytoplasmic tail, which provides a potential docking site for the SH2 domain of COOH-terminal kinase (CSK) (392) , which is known to complex with VE-cadherin (20, 117) . This may modulate VEGF-activated Src signaling to influence mitogenesis (20, 117) . Alternatively, tyrosine phosphorylation of catenins may indirectly regulate the interaction of signaling molecules with the cadherin complex. The FER tyrosine kinase associates with p120-catenin (295, 410) , which can recruit FER to the cadherin complex in response to K-Ras signaling (295) . Once recruited to the cadherin complex, FER potentially controls ␤-catenin phosphorylation by regulating association PTP1B (410) and/or directly phosphorylating ␤-catenin on Tyr-142 to influence binding of ␣-catenin (295) . Finally, the mechanisms by which tyrosine kinase signaling might support cadherin biology (Fig. 17C) have been much less extensively investigated. Some insight comes from the example of cortactin, which is tyrosine phosphorylated in response to cadherin adhesion (78, 305) . Furthermore, tyrosine-phosphorylated cortactin is necessary for the integrity of E-cadherin-based cell-cell contacts. As the interaction between cortactin and Ecadherin is not affected by tyrosine-phosphorylation, posttranslational modification may influence interactions between cortactin and other proteins likely to ultimately affect the actin cytoskeleton (305) . Cortactin is likely to be only one of many proteins that support cadherin biology in response to phosphotyrosine signaling (279, 311) .
IV. FUTURE CHALLENGES: INTEGRATING CELLULAR MECHANISMS AND MORPHOGENETIC OUTCOMES
In this review we have sought to discuss mechanisms of cadherin biology that are likely to contribute to their diverse morphogenetic impacts during development and in postembryonic life. It is likely, however, that individual morphogenetic processes entail the integration of multiple distinct mechanisms of cadherin function. This is exemplified by ongoing efforts to understand the basis for cell segregation and sorting.
As noted earlier, the observation that cells expressing different cadherins sorted into distinct aggregates (89, 268) suggested a potential explanation for the classic results of Townes and Holtfreter (373) . It was further interpreted as evidence that classical cadherins might exclusively form homophilic bonds with one another. This was reinforced by mapping of cell sorting specificity onto the EC1 domain of cadherins (269) and by evidence that cells engineered to express different cadherins also displayed differences in cellular adhesion. For example, heterotypic pairs of cadherin-null S180 cells that expressed either E-or N-cadherin failed to aggregate to one another (57) . S180 cells expressing either classical (E-or N-) cadherin or type II cadherins (cadherin 7 or 11) also displayed quite different adhesive strengths that mapped to the ectodomains (56). In its simplest form, the hypothesis of homophilic adhesion implied that cell segregation might arise because homophilic interactions would lead to productive adhesion, whereas heterophilic interactions would be ineffective.
However, a number of classical cadherins display the ability to engage in heterophilic interactions (257, 280, 329) . Furthermore, measurements done under different conditions or with controlled cadherin surface expression levels prompted a more nuanced view that differences between heterophilic and homophilic cell adhesion energies, rather than exclusive homophilic binding, might promote cell sorting (87) . This built on Steinberg's Differential Adhesion Hypothesis, which postulated that the relative magnitudes of cell adhesion energies govern cellsorting patterns (349) . Both subtype and cell surface levels of cadherin could contribute to cell adhesion energies (348) . In some cases, estimates of intercellular adhesion energies from analyses of shape deformations of cell aggregates in response to applied external centrifugal or mechanical forces appear to support this concept (87, 162, 406) .
Several parameters can contribute to differences in cell adhesion energies including, but not limited to, the intrinsic biophysical properties of the cadherin bonds and cadherin surface expression levels. A key question thus remains to what extent cell segregation can be explained solely in terms of the intrinsic properties of the ectodomain, or whether it is also necessary to incorporate cellular properties, including biomechanics and functional responses to cadherin ligation. Here it is noteworthy that molecular adhesion measurements with isolated ectodomains using different techiques did not reveal clear, general correlations between quantitative bond energies and in vitro cell sorting (55, 300). This suggests that adhesion energies alone do not generally predict in vitro and, most likely in vivo, cell sorting.
The strong correlation between cadherin expression and sorting therefore begs the question as to what other cadherin-specific functions might contribute to cell sorting. One prime candidate is cortical tension that is controlled by the actomyosin cytoskeleton and will increase surface tension and thus reduce cell contacts. Studies of germ layer segregation in zebrafish embryos suggest that membrane tension, as characterized by the resistence to indentation, has a more pronounced effect on cell sorting than does cell surface adhesivity (183) . This is consistent with increasing evidence that myosin II defines a variety of tissue boundaries and sorting in embryos (86, 193) . This raises the interesting possibility that disparate cadherin regulation of the cytoskeleton, especially myosin II (332) , may contribute to segregation of cells expressing different classical cadherins.
Overall, we propose that the morphogenetic impact of classical cadherins may be best understood to arise from the multiple mechanisms, including the biophysical properties of the ectodomain, as well as adhesion-regulated changes in cytoskeletal function and membrane trafficking, that are coordinated by cell signaling. This is consistent with the growing notion that three-dimensional tissues ultimately arise from the functional interactions between genes, the cellular machinery executes their orders, and the biomechanical environments in which cells find themselves. Providing a cohesive picture of these interactions will be an exciting challenge for the future.
